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G, Wittig

1. Introduction

In connection with the investigation of 1,2-dehydrobenzene, phenyllithium was
reacted with fluorobenzene in the presence of diethylamine!). As expected diethyl-
aniline was among the reaction products, resulting from the addition of diethylamine
to dehydrobenzene, as well as a-phenyldiethylamine 1V. A more detailed investigation
of these results showed that the lithiumdiethylamide which developed during the re-
action also added to the intermediate dehydrobenzene forming the non-isolable ate-
complex I. The anionic loosening of ligands in the neighbourhood of nitrogen causes
a hydride transfer which results in the formation of phenyilithium and Schiff base II.
These compounds combine irreversibly by addition of the organolithium to the C=N-
bond producing lithiumamide I1I, which following hydrolysis yields o-phenyl-diethyl-
amine IV,

In order to establish the reducing agent function of the dialkylamide it was re-
acted with benzophenone?). We expected a reduction by way of the ate-complex V

ate-complex

F 4+ .H,Li | PLNCaHo, LINCHg), ° M- GH- CH,
—_—
-C¢Hg; LiF f L N-—C,H;
I
H  CH-CH, CHs—CH-CH; 3 5 C¢Hs—CH—CH,
— QL ., — o
Li  N—CHs Li-N—CH, U H-N—C,H

1 HI v

ate-complex

NN
(CeHs),C CH,—CH;, - (C6H5)2C CH —CH, (CsHs),CH CH—CH,
o+ | | [ — +

_N-CH 0, (N-C,H, OLi = N-C,Hs
(=]
. v n

CH3—CH + LiN(C,Hs); LiCH,—ﬁH (Ce¢Hs),CO
_—_— e
C,H;—N -HN(C,Hs), C,Hs;—N

1 Vi
CH, CH,
(CHg),C~~ CH FH0  (CeHeoC” “CH
- Ton [
O. .N-CH, -Li O N-CH,
L H VI
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to benzhydrol coupled with the oxidation of the amine to Schiff base II. Although
following hydrolysis, approximately 35% yield of benzhydrol was isolated; a com-
plicated compound was obtained instead of ethylidenethylamine II. A meticulous
structural determination and a later synthesis showed the unexpected compound to
be the Schiff base VII, i.e. the aldimine adduct with benzophenone. _

Evidently a fraction of the benzophenone is reduced to benzhydrol in a redox
reaction in which an equivalent amount of Schiff base II is formed. After metallation
of I by the remaining lithiumdiethylamide, the metallated Schiff base VI reacts
with the reduced benzophenone to yield the aldimine adduct VII. Surprisingly, the
entire process is completed within one minute at 0 °C.

Since the final product can be easily converted with a mineral acid to $-phenyl-
cinnamaldehyde, the total reaction is an aldol condensation. The methy! group of
the acetaldehyde is specifically condensed with the carbonyl group of the ketone.
This opportunity of achieving a directed aldol condensation was now put into prac-
tice and the method was quickly shown to be capable of a wide application with
generally high yields.

Previously, it was not possible to control the aldol condensation so that alde-
hydes would combine with the carbonyl groups of ketones with their a—CH-groups.
For example, acetaldehyde does not react with benzophenone under the usual base
catalyzed conditions to give adduct VIII because the aldehyde undergoes a much
more rapid self addition to acetaldol IX.

Even the reaction with more active ketones, such as acetone, does not lead to
adduct X but, as has been proven, to compound XI. Acetaldehyde has the more
easily accessible carbonyl group and acetone, following anionization, possesses
the more strongly nucleophilic a-carbon.

(C.Hs),C—CH;—CH Base (C.H;),C + CH;—CH Base (C4H;),C + CH;—-CH-CH,-CH
M | A— I i —» I | I

OH O 0 0 o) Ot 0
VIl 1X
CH,—C—H
Il
0
HO, CH,-CHO HO_  (H,—CO-CH
N - NI :
< cHy-C-cH, === 3
HC  cn, g H,e  OH
X X1

2. Directed Aldol Condensation
2.1. General Procedure for Directed Aldol Condensation

As the aldol condensation described at the outset has clearly shown, these difficulties
can be avoided if the aldehyde carbonyl group is converted to an azomethine group.
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This Schiff base is metallated with an appropriate lithium compound to XII and sub-
sequently reacted with benzophenone or acetone. Since the protective group can be
removed following the aldol addition, this method is a means of bringing about
organometallic d1rected aldol condensations?.

R | CH—Q —CH
\ R7? R CHy
K, + LiCH,—CH=NR' ——»- c\ \\ g FHQ )c/ Ne_r'
O R oL -LiOH ¢ \O_H-
XII
R=CH; or CgHj
CeHs
LiN

CH,~CN CyH, CH,-CN H,C=NLi
(CHy), T n (CHa)a ~——= (CH,),

CH,—CN N o IH—CN CH-CN

CoHs Li

Xill
Hydrolysis /-C H,C=0 /C H,C=0
E— ‘2)n —C(—)- (CHz)n

CH-COOH 2 CH,

In this connection it should be remembered that Karl Ziegler®) had already used
metallated secondary amines for condensation purposes. For the synthesis of larger
ring compounds he applied the lithium ethylanilide in a type of Dieckmann reaction
to ring close dinitriles, such as XIII. Since the metallated amine is soluble in ether,
he succeeded in forcing the cyclization by the principle of dilution.

The resulting product led to cyclic ketones such as Exaltone (Cyclopentadeca-
none) or Dihydrocivetone (Cycloheptadecanone) in yields of 60—70%, after hydroly-
sis with saponification of the ketimine group and cleavage of CO,. What an ingenious
move in a successful operation!

Returning to our problem, we determined the following optimal conditions
under which the metallation of the Schiff base and the succeeding reaction with car-
bonyl compounds, to give the aldimine adducts, should proceed. Cyclohexylamine
has proved to be effective as the amine component of the Schiff base, because Schiff
bases with branched alkyl substituents on nitrogen have a lesser tendency of self-
addition than those with unbranched groups. Further, it was shown, also for steric
reasons, that lithium diisopropylamide was a more appropriate metallating agent
than lithium diethylamide. When accordingly, ethylidene cyclohexylamine was re-
acted with lithium diisopropylamide in ether at 0 °C and after 10 minutes benzo-
phenone was added at —70 °C, the Schiff base XIV could be recovered in 92% yield
following hydrolysis®.

4
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C¢Hs CH,—CH .
. \ \ +H,0
(C¢Hs),C0 + LiCH,~CH=NCH;, ———= ~CeH;y —»
\ : -LiOH
CcH; O—Li
CHs CH,—CH
N/ N\ H,09
92% C N-CeH;; ———= 100% (C¢Hs),(=CH--CHO + H,N—-CH,,
C,Hs O—H
Xiv

These favourable results can probably be traced back to the stable chelates formed
by the lithium salts of the aldol adducts. In the hydrolysis product the nitrogen of
the aldimine group is linked through an intramolecular hydrogen bond bridge, as was
established by the IR spectrum. Since the aldimine adduct could finally be converted
by treatment with acid in a nearly quantitative yield to §-phenylcinnamaldehyde,
the preparative problem of subjecting aromatic ketones to the directed aldol conden-
sation was solved.

However, even in the singularly smoothly operating directed aldol condensation
with aromatic ketones, there is no such thing as perfection. In order to determine
the influence of inductive and steric effects on the new process, the Schiff bases of
a-substituted acetaldehydes were metallated under the standard conditions with
lithium diisopropylamide, and the aldimine adducts with benzophenone were iso-
lated. Table 1% shows the measured yields.

Table 1
Schiffbase Aldimine-adduct m. p.
CH3-CH=NR 92% 127-128°
CH4
(|3H2 —CH=NR 91% 82-83°
CyHs
él—l; ~CH=NR 71% 104-105°
CHj3
H(IZ—CH=NR 29% 107-108°
Cis
C,Hs
H(!J-CH=N R 0%
CaHs XV

According to these values, the yields decrease with increasing branching on the
a-carbon of the Schiff base until they reach 0% with 2,2-diethyl-ethylidene cyclo-
hexylamine XV.
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The basis for these findings can be shown by the following: When the Schiff base
XV was treated with lithium diisopropylamide for two hours in ether (the Schiff base
of the unsubstituted acetaldehyde is instantly metallated in ether) and then reacted
with D, 0, the starting material XV was recovered almost quantitatively. Since the
compound does not contain any deuterium, as shown by NMR, it can be concluded
that it was not metallated.

C,Hs CoHg

f 1) LiNG-C3H7)2 ;- é CHNC.H
C—CH=NCgH D-C-CH=
HI C sH1 0 T ‘ eH11
C2Hs CaH5

XV

The increasing alkylation of the aldimine leads to a reduced suitability for being
metallated. This is likely to be explained by the interaction of the growing steric hin-
drance and the hyperconjugation effect which lowers the mobility of the a-proton.

The Schiff bases of ketones can also be condensed with aromatic ketones, such
as benzophenone, by the method under discussion””. Using the standard conditions,
isopropylidene cyclohexylamine was metallated to XVI and combined with benzo-
phenone. The ketimine adduct XVII could be isolated in 65% yield. Following the
decomposition of XVII with diluted sulphuric acid the unsaturated ketone XVIII
was recovered. It proved to be identical with a comparable compound which was
synthesized by a more cumbersome procedure. The nitrogen free ketol could also be
obtained from XVII. During thin layer chromatography of XVII on silica gel, benzo-

LiCH,
(CeHg),CO + >C=N —CgHy,y

H,C

XVI

s
CH,
(CeHs)zC\ N-GCeHy,
O—H
XVl

H,S0, ‘78% H,0/Silica- ] 68%

gel
CH,
CH,—C
/TN
(C6H5)2C=CH—|C'—CH3 (Csﬂs)zc\ 0
0 O0—H
XVIII X1X
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phenone was found as well as a compound with a shorter path of travel. This substance
had a melting point of 85 °C and the elemental formula C{¢H;¢0,. On the basis of
the NMR spectrum and the proton ratios (CH,pomatic : OH: CH:CH3=10:1:2:3),
it is the previously unknown ketol XIX.

By reaction of the Schiff base of the homologous diethylketone with benzophe-
none, the ketimine adduct XX could indeed be isolated in 60% yield, but the respec-
tive ketol could not be obtained by thin layer chromatography. The same lack of
success resulted from the attempted acid decomposition of XX to the corresponding
unsaturated ketone. In both cases only benzophenone was recovered because here
the branching from the a-carbon atom also counteracts the stability of the ketol
adduct.

(|3Hs H3C\ /C2H5
Li—CH HO /CH—C\\
(CeHs),CO + /C'_'NCeHn — (CoHs)zC\ 'N——Ceﬂn
C.H, 0—H
XX
LiCH
H"‘CGN oy, LNG-CiHo, gy, D (G0
=N — —_— =N —
61111 / etll1 2) H;O
CeH CH,
XX1 XXIT
CH ——C/CﬁHs
A H,0°
(CeHs)zC\ ‘N—CeHn — (CJIQ;C—‘-CH—%—C[,H;
0—H 0
XXII
CH,~CH CH, CH,—CH CH,—CH
7 TN\ RN TN PN
(CHJ)’lC\ N—Csﬂn /C\ N—C¢Hi, H N-CeHy,
o—H H,C O—H O—H
l51% ln% 160%
H;C\ CeHs
/C=CH—CHO >C=CH—CHO @ZCH—CHO
HyC H;C

The Schiff base of acetophenone XXI, after anionization with lithium diisopro-
pylamide to the deep yellow solution of XXII, led to the adduct XXIII (55% yield)
upon combination with benzophenone. Treatment with diluted mineral acid con-
verted XXIII in 95% yield to 1,1-diphenyl-2-benzoylethylene®.



G. Wittig

At first this new technique of adding metallated Schiff bases appeared problem-
atical for the possible synthesis of natural products, because during its application to
methylketones, such as g-ionone, it could be expected that the proton active —COCHj
system would undergo a transmetallation or transanionization with the metallated
Schiff base. Fortunately, this was not the case®, as was shown by model experiments
with acetone, acetophenone, and cyclohexanone.

2.2. Application to the Synthesis of Natural Products

In general, the aldimine adducts of natural products can be converted in one step to
the corresponding o, S-unsaturated aldehydes or ketones. They are subjected to a
steam distillation in the presence of oxalic acid, in which the final product distils
over. Under these conditions the more thermodynamically stabile product is formed,
usually the trans olefin.

The compounds listed in Table 2 can be synthesized relatively simply by the
method under discussion”’. The yields given relate to the starting aldehyde or ketone.

Table 2
Carbonyl component Aldimine adduct a,8-Unsaturated aldehyde
m. p. and yield b.p. and yield
Butyraldehyde 2-Hexene-1-al, (Leafaldehyde)
b.p.1542—48°C, 65%
g-Cyclocitral 92-93°C g-Cyclocitrylidene-acetaldehyde
58% b.p.g.1 72.5-75 °C, 50%
6-Methyl-5-heptene-2-one 32-33.5°C Citral (cis-trans-mixture)
76% b.p.g.5 68—74 °C, 64%
g-lonone 46—-47°C g-lonylidene-acetaldehyde
80% b.p.g.001 115-120°C, 42%

The -cyclocitrylidene acetaldehyde synthesized in this way was recovered for
the first time in crystalline form. The two aldehydes, citral and B-ionylidene acetal-
dehyde, are of special value because they are intermediate products in the synthesis
of Vitamin A and other carotinoids.

Also worth mentioning is a natural product synthesis performed by Biichi®. It
concerns f-sinensal, a constituent of the aroma of the chinese orange. Starting from
myrcene, the bromination derivative was prepared in two steps. This was condensed
with the metallated Schiff base, derived from ethylidene-t-butylimide and lithium
diisopropylamide, and hydrolyzed to the aldehyde in 60% yield with aqueous oxalic
acid. The resulting aldehyde was now reacted with metallated propylidene-t-butyl-
imide, in the same way as the directed aldol condensation, and again hydrolyzed with
aqueous oxalic acid (60% yield). The final product was identical in all properties with
the naturally occurring 8-sinensal. Through chemical modification of the intermediate
product it was proven, that the sesquiterpene has the trans-trans configuration.

8
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+ LiCH,*CH=N-C(CHJ),
| — —
Myrcene
Oxalic ac1d ‘\/Q + CH,;-CH(Li)- CH=N-C(CH,),
Oxalic amd @

B-Sinensal

3. Directed Aldol Condensation and Modified Carbonyl-Olefination with
Phosphorus Ylids — a Comparison

The essential point of the directed aldol condensation® is that it makes a desired
extension of the chain of an aldehyde or ketone to an a,f8-unsaturated ketone or
aldehyde possible. It could be argued that such a chain extension is also possible by
means of an olefination using phosphorus ylids. Certainly, this latter method has a
broad range of application and it was used by Trippett“’) to obtain a,f-unsaturated
aldehydes similar to those under discussion. It has an added advantage in that the
dehydration of the carbonyl-alcohol resulting from the directed aldol condensation,
which does not always progress smoothly, can be avoided.

el | 11
—ﬁ + |[C-C=NR — _C-C—C=NR
I |

|
0 H o0 H \:H@, H,0
I el | I

/((CEHS);,PO
—C+ IC-C=0 —» _C-C-C=0

Il | 1
0 g(C5H5)3 O—P(C4Hs),

However, the olefination by way of the phosphorus ylid also has its disadvantages
particularly in this sphere. The scope of both methods is compared in Table 3%in
which the yields, as before, are based on the starting aldehyde or ketone.

It is readily apparent that the olefination through the phosphorus ylid gives good
results with aldehydes as the substrate. On the other hand, it fails utterly when ap-

9
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Table 3
Prepared by
Final product directed phosphorus
: aldol condensation ylids
CH3-CH,-CH,;-CH=CH-CHO 65% 81%
C¢Hs;—CH=CH-CHO 72% 60%
(CH3),C=CH-CHO 40% 0%
CeHs
C=CH-CHO 71% 0%
CH,
(CgH5)2C=CH-CHO 78% 0%
CHjy
1
(CeHs5)2C=C-CHO 81% 0%
CH;
!
(CgHs)2C=CH-C=0 50% 0%

plied to ketones. It is just these condensations with ketones which are made possible
by the directed aldol condensation using metallated Schiff bases. It thus finds its
proper sphere of application.

The reason for the failure of the carbonyl-olefination with ketones by way of
the phosphorus ylid lies in the resonance stabilization of the ylid. The charge distribu-
tion is concentrated in the direction of the oxygen atom. Therefore, it also appeared
fitting here to introduce a C=N—R group in place of the C=0 group in phosphorane.

| [ P
- ®%IC-C=N-R -C-C-C=N-R
I + | —_—

vt
[ —— -C=C-C=N-R
(0] QP(C6H5)3 0—P(C6H5)3 '—(C6H5)3PO

4. Combination of the Directed Aldol Condensation and the
Carbonyl-Olefination with Phosphorus Ylids

This idea, published by us in 1968, has in the meantime (in 1969), been put into

practice by Japanese scientists® n,
The phosphonate XXIV was converted to the respective ylid with sodium hy-

dride and yielded on reaction with ketones or aldehydes the corresponding Schiff
bases XXV. These products, in contrast to the aldehyde or ketimine adducts with
their intramolecular hydrogen bonds, can easily be converted to the unsaturated car-
bonyl compound in good yield.

Since the realization of our ideas concerning the triphenylphosphoranes has only
recently begun and the experimental work is not yet finished, I can only give a short
preliminary report on the subject”).

10
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0 R
+ NaH

(C2H50)2P c CH=N-CgHy | ———
2

H
XXIvV
0O R

I +R,CO
(C2H50)2P C CH=N- C6H1 1 Na _—_—
o) R’

Il !
(CyH50),P—0° Na® + RyC=C-CH=N-Cg¢H;
XXV

We reacted the phosphonium salts XXVIa—XXVIc® with carbonyl compounds
under varied experimental conditions. It was shown that when the olefination was
carried out in absolute ether with lithium diisopropylamide as deprotonation agent —
in accordance with the reaction under discussion — the phosphonium salt XXVIa and
benzaldehyde formed the Schiff base of the cinnamaldehyde XXVII in 77% yield. In
comparison the yield is reduced when, in place of the p-N,N-dimethylamino-phenyl
residue in XXVIa, the p-methoxyphenyl residue (XXVIb) is introduced. Using approx-
imately the same reaction conditions, it falls to 65% of XXVIII and still further to
36% of XXIX when the cyclohexyl residue is present in phosphonium salt (XXVIc).
The reaction of the phosphonium salt XXVIa with cinnamaldehyde produced only
20% of the expected Schiff base.

+ LiN(i—C3H4), /ether N
—HN(i-C3Hq),, LiCl

[(C6H5)3P°—CH=CH—I?—R]CIQ

XXVIa—c
............... + CgHsCHO
(CeHs5)3P® —CHZ cHz N-R —8"5""~  C¢Hs—CH=CH-CH=N-R + (CgHs)3PO
R: Yield based Schiffbase of the
on the phosphon. salt cinnamaldehyde
—@—N( CH;), 77% " Cg¢Hs—CH=CH-CH=N @ N(CHj),
XXVia XXVl
@OCH; 65% C¢H;—CH=CH—-CH=N —@OCH;
XXVib XXVIII '
@ 36% C H;—CH=CH-CH=N —@
XXVic XXI1X

) The NMR-spectra of the phosphonium salts XXVIa—XXVIc indicate the enamine-structure
and not the expected iminstructure [(CgHg) 3P®—CH; ~CH=N-R|CI®.

11
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Analogous relationships are found in the reactions of the phosphonium salts with
ketones such as benzophenone. With the application of phosphonium salt XXVIa,
31% of the Schiff base XXX could be isolated, while with XXVIb only 4% of the
desired product XXXI could be obtained. Finally, with §-carbonylmethylene phos-
phonium chloride, which contains an unprotected carbonyl group, no further reac-
tion occurs.

+ LiN (i-—C3H7)2/ether
HN(i—C3Hn)s, LiCl

[(C¢Hs5)3)P®° ~CH=CH-N-R]CI®
[

H
XXVIa—-XXVIb

...... A + (C6H5)2C0

(C6H5) 3PO + (C6H5)2c=CH—CH=N—R

Yield based Final product
on the phosphon. salt

R:
@—N(CHQ, 31% (C6H5)2C=CH—CH=N—©—N(CH3)2

XXVla XXX
@OCH3 4% (C,HY), C=CH—CH=N~—©—OCH3
XXVIb XXXI

(C6H5)2P®—CH—CH—N~©—N< 3y ’ o —cther
N
3
: CH
(CH),P=0 + ’ CH-CH:N_@N< 3
© CH,

XXXII

When fluorenone is olefinated by the phosphorane produced from XXVIa, the
corresponding Schiff base of the fluorenylidene acetaldehyde XXXII is isolated in
30% yield.

If the reaction is carried out in absolute ethanol with sodium ethoxide as the
proton acceptor”‘), the desired olefination products cannot be obtained from ketones

12
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676

CHy| . O +NaOH/CH, Cl
(C6H5)3P$—CH=CH—N—©—N< las + ’ 0 24l
Il-l CH, @ -C_H,, NaCl

XXVia

_CH,
(C,H),PO + . CH—CH=N—@N +
“SCH
© ’
XXXII
CH CH
(C6H5)2P—CH=CH—N—©—N< b4 (C6H5)2P—CH2—CH=N—@N< }
I I CH I CH
0 H 3 o 3
XXXlIla XXXIIb

such as benzophenone or cyclohexanone. The resulting phosphoranes were cleaved
into triphenylphosphine oxide and the matching derivatives of the acetaldehyde.

The application of the phase transfer-catalyst method!%!%) led, in contrast to a
decisive simplification of our olefination reaction.

In the two phase system, methylene chloride/water, the phosphonium salt XXVIa
could be deprotonated with aqueous sodiumhydroxide and reacted with carbonyl
compounds before its hydrolytic decomposition to the phosphine oxide dominated.
The expected Schiff base could be obtained in 70% yield with benzaldehyde and 62%
with cinnamaldehyde. ‘

The reaction with fluorenone yielded, in addition to 23.4% of the phosphine
oxide isomers XXXIIIa—XXXIIIb®, 40% of the desired endproduct.

With this I come to the end of my presentation. It was not at all unusual, that in
my research the original objective remained unattained simply because interesting
byways led us in other directions. One could regard this as a “failed chemistry” but
that would be exaggerated humility. If, nevertheless, something of value resulted, it
was only because the opportunity was used as a path to other fruitful goals.

Finally, I wish to thank my coworkers who were involved with this set of prob-
lems. Mr. H. J. Schmidt, Mr. H. D. Frommeld, Mr. P. Suchanek, Mr. H. Reiff, Mrs.
Hannelore Renner and Mrs. Ursula Schoch-Griibler. It was their skill and perseverance
which made it possible to achieve new objectives.

b) The NMR-spectrum shows the tautomeric forms to be present in the ratio of 80:20 (deter-
mined by the (CH3),N-signals). An exact assignment of all peaks for both tautomers has not
yet been possible. Because of phosphoruscoupling and possible cis-trans isomerization the
spectrum is difficult to interpret.
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Dihetero-tricyclodecanes

1. Introduction

Restriction among the great number of possible dihetero-tricyclodecanes to such with
a carbocyclic 8-membered ring (cyclooctane) as basic skeleton, which is crosswise
bridged by two heteroatoms, and restriction to S-, 6- and 7-membered heterocyclic
rings, isomeric dihetero-tricyclodecanes of the following five different structural
types are possible: 2,6-dihetero-adamantane (G 1 a))"), 2,7-dihetero-isotwistane

(G 2)9, 2,7-dihetero-twistane (G 3)P, 2,8-dihetero-homotwistbrendane (G 4)® and
2,6-dihetero-tricyclo[3.3.2.03’7 ]decane (G 5)0.

&) & & B &)

X? "Y/% X2

1
x2
1
5Y

8y

-

-
Ve

>3

2
98

X
XD

X2

.
)
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This review summarizes the results on dihetero-tricyclodecanes of the typesG I —
G 5 known at present with particular emphasis on the synthesis of compounds from
suitable 9-heterobicyclo[3.3.1]- and 9-heterobicyclo[4.2.1 Jnonanes as well as by
molecular rearrangements of dihetero-tricyclodecanes involving neighboring group
participation. Furthermore spectral data are discussed mainly in connection with
structural assignments.

1.1. 2,6-Dihetero-adamanta nes®

Hexamethylenetetramine (urotropine) was not only the first but also for many years
also the sole compound whose adamantane structure (tricyclo[3.3.1.137 Jdecane)
was a certainty. Interestingly, hexamethylenetetramine was also the first organic
compound whose structure was determined by X-Ray in 1923%9)

Pure carbocyclic adamantane [G I : X(2) = CH,, Y(6) = CH, |¥’ was first iso-
lated in 1933 by Landa and Machadek!'19) from a high boiling petroleum fraction.
Its structure was proved by a sophisticated, although laborious,synthesis by Prelog
and Seiwerth'” in 1941. In spite of some improvements of the original procedure
the synthesis of larger amounts of adamantane remained difficult. In a first attractive
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alternative Schleyer'® obtained among others 12% of adamantane by aluminium-
bromide-catalyzed transformation of endo-trimethylene norbornane, the hydro-
genation product from dimeric cyclopentadiene. Under modified reaction condi-
tions the yields of this and analogous hydrocarbon rearrangements could even be
successfully improved®. '

Adamantanes in which one or several of the methylene groups or one or several
of the bridgehead carbonatoms are replaced by heteroatoms have been (with the
exception of hexamethylenetetramine) subjects of intensive interest for about
20 years™ only.

The first synthesis of a 2,6-dihetero-adamantane [G I : X(2) = 0, Y(6) = 0] was
reported by Stetter and Meissner in 19662%21 . Up to now the following 2,6-di-
hetero-adamantanes (G /) and/or derivatives thereof became known:

Y(6) X(2) Refs.

0 0 20-27)

S P 21, 28)

Se 0 27, 29)

NR 0 30-—-36)

PR o 37)

S S 38)

Se S 39)

NR S 31, 32, 34, 40)
NR2 NR1 32, 41-44)

1.2. 2,7-Dihetero-isotwistanes®

The first synthesis of a tricyclo[4.3.1 .0%®]decane, namely of pure carbocyclic iso-

twistane [G 2 : X(2) = CH,, Y(7) = CH, ], was reported by Vogt® in 1968. Almost
at the same time 2,7-dihetero-isotwistanes (G 2) and/or derivatives thereof became
available. Today a variety of such compounds are known:

Y(7) Ref.

>
=
®
R

24,25, 45—52)
46, 47, 53, 54)
35, 36, 55)
27,53, 56)
27, 47,57)
58)

58)

58)

nQozZzwrQOoZwno
ZZLrWLWLWOQOO

=
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1.3. 2,7-Dihetero-twistanes?
The first tricyclo[4.4.0.03-8 Jdecane known was pure carbocyclic twistane

[G 3: X(2) = CH,, Y(7) = CH, ] synthesized by Whitlock, Jr. in 1962% 5% The
2,7-dihetero-twistanes (G 3) and/or derivatives thereof so far known are:

Y(7) X(2) Ref.
o fo) 24, 25,45-47,52, 60, 61)
S 0 217, 46, 47, 53, 54)
NR 0 35,55,58)
S 58)

NR

1.4. 2,8-Dihetero-homotwistbrendanes®

2,8-Dioxa-homotwistbrendane [G 4: X(2) = O, Y(8) = O] and some derivatives
thereof>® represent the only tricyclo[5.3.0.0%? |decanes known up today.

1.5. 2,6-Dihetero-tricyclo[3.3.2.0%7] decanes?

Neither carbocyclic [G 5: X(2) = CH,, Y(6) = CH, ] nor heterocyclic compounds
(G 5) of this structural type have been synthesized so far.

1.6. General Synthetic Aspects

In principle two different synthetic approaches may lead to dihetero-tricyclodecanes
of the types G 1--G 5: starting either from suitably functionalized 9-heterobicyclo -
[3.3.1]- or 9-heterobicyclo[4.2.1]nonanes by bridging with a second heteroatom
(see 2.) or already from dihetero-tricyclodecanes G I — G 5 and derivatives thereof,
respectively, by molecular rearrangements under neighboring group participation of
the heteroatoms X or Y (see 3.). Subsequently further derivatives can be prepared
(see 4.) from compounds obtained by either of the two general ways.

2. Syntheses: 9-Heterobicyclo[ 3.3.1]nonanes or 9-Heterobicyclo[4.2.1]-
nonanes - Dihetero-tricyclodecanes

2.1. 2,6-Dihetero-adamantanes
2.1.1. Introduction

Of the many possible general pathways the following five A—E have already been
successfully applied to the synthesis of 2,6-dihetero-adamantanes. They use either
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saturated 9-heterobicyclo[3.3.1]nonanes G 7 suitably substituted at C(3) or 9-
heterobicyclo{3.3.1.]nona-2,6-dienes G & as well as corresponding monoepoxides
G 9 and diepoxides G 10 and G 11 as starting materials.

Rx‘a . O O
1 1 1 1
2 o b by B
-0
G7 G8 G9 G110 Gli

Sk AA
0

Rl

pathway A: G7 —G1 (R'=H, RZ=H)
pathway B: G8 —~GI12(R'#H, R2+H)
pathway C: G 9 ~G13(R!= OH,R2 #H)

pathway D: G 10~ 1 2
pathway E: G 11 _,G 14 (R" = 0OH,R*=0H)

2.1.2. 2,6-Dioxa-adamantanes
2.1.2.1. Pathway B (G 8 - G 12)%0-24,26)

By the approach B Stetter and coworkers?%:2%) successfully synthesized in 1966 the
first 2,6-dihetero-adamantane, the 2,6-dioxa-adamantane (14). Oxymercuration of
9-oxabicyclo[3.3.1]nona-2,6-diene(1)2°~23 48:62:63) with mercuric acetate in water
yielded a cristalline acetoxymercuri compound, which after treatment with potas-
sium jodide gave the corresponding iodomercuri compound. Subsequent iododemer-
curation led to a 4,8-diiodo-2,6-dioxa-adamantane, which by catalytic hydrogena-
tion yielded unsubstituted 2,6-dioxa-adamantane (/4). The authors did not discuss
the configurations of the mercuri substituents. However, nmr.-data (see 5.2.3.1.)
give conclusive evidence that in the compounds 2—4 both mercuri substituents are
orientated towards one and the same O-atom O(2) or 0(6)?%2®). Further investi-
gations24:26) also proved that treatment of the acetoxymercuri- (2) or the there-
from obtained chloromercuri compound (4) with sodium borohydride (NaBH,) in
aqu. NaOH-solution in both cases yielded unsubstituted 2,6-dioxa-adamantane (14)
and that iododemercuration of 3 gave not only one but both possible isomers 5 and
6. The dilodide 5 as sole product was obtained by reaction of 9-oxabicyclo[3.3.1]-
nona-2,6-diene (/) with mercuric oxide and iodine. Treatment of the diiodides
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0 07
Ri
14
R! R?2
5 1 1
7 OAc 1
9 QAc OAc
11 Br Br
12 cl Cl
13 OH OH

2 R =0Ac
3 R=1
4 R=0C

Rl
R 1
6 1
8 OAc
10 OAc

Dihetero-tricyclodecanes

I
OAc

5 and 6 with silver acetate in acetic acid yielded, depending on the reaction time,
among others the monoacetates 7 and & or the diacetates 9 and 10?5 ¥ (see 3.2.2.2.).
Further syn-4,8-disubstituted 2,6-dioxa-adamantanes were prepared from diene

1 applying pathway B by Cuthbertson and MacNicol??: - dibromide 7/ ~ 14 and
by Averina et al.?¥; - dibromide /1, dichloride 72 and diol 13. The latter 73 was
also obtained by the pathways D and E (see 2.1.2.3.).

2.1.2.2. Pathway C (G 9~ G 13)*7)

. Treatment of exo,ex0-2,3-epoxy-9-oxabicyclo[3.3.1 Jnon-6-ene (15)3® with mercuric
acetate yielded the 2,6-dioxa-adamantane derivative J6, which was directly demer-

——
6
7 50 2
15 OR!

Rl
16 H
17 H
18 Ac
19 Ts

HgOAc

curated with NaBH4 to the adamantanol / 7. The latter was also characterized as
its acetate 18 and tosylate 19 . LiAlH,-reduction of 19 gave again the alcohol 7.

23



C. Ganter
2.1.2.3 Pathways D (G 10~ G 14) and E (G 11 -G 14)%7

Refluxing a solution of exo,exo-2,3-exo0,ex0-6,7-diepoxide 20 (syn-exo)36) in
0.5N HCI resultated in the formation of adamantane-diol 13 as sole product, i.e. in

RO & 0?
50 a
OR
13R=H 22R=H
9R=Ac 23R =Ac

20 both epoxides were cleaved only by trans-opening of the oxygen-carbon bonds

to C(3) and C(7), resp. However, analogous treatment of the exo,exo-2,3-endo,endo-
6,7-diepoxide (anti) 2139 yielded not only 73 but also 4°(?,10°(".dihydroxy-
2,7-dioxa-isotwistane (22)?. The endo-epoxide ring in 27 was therefore opened in
two ways: cleavage of the bond 0—C(6) — endo-OH at C(7) and cleavage of the bond
O0-C(7) = endo-OH at C(6), each by trans-opening of the epoxide ring. Both diols
13 and 22 were also characterized as their diacetates 9% and 23%).

2.1.3. 2-Oxa-6-thia-adamantanes: Pathway B (G 8 > G 12)21:28)
By transannular addition of sulfur dichloride to 9-oxabicyclo[3.3.1]nonan-2,6-diene

(1), 49 8942 gichloro-2-oxa-6-thia-adamantane (24)” was obtained in approx.
60% yield, which by LiAlH4-reduction was easily converted to unsubstituted 2-oxa-

n R
24 0 a
R 25 0 OH
z @2 26 0 OAc
6« 27 0 OCH3
0,5 #R 28 0 H
J 29 1 OH
30 2 a
31 2 OH
32 2 OAc
33 2 H
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6-thia-adamantane (28)21:28). On the other hand, the dichloride 24 could be trans-
formed almost quantitatively into the 4°(), 8°®).diol 25, which consequently
was acetylated to the diacetate 26%8) and methylated to the dimethoxy compound
2721 Oxidation of diol 25 with hydrogen peroxide in acetic acid led depending on
the reaction conditions either to sulfoxide 29 or directly to the corresponding
sulfone 372%) from which also the diacetate 32 was prepared. The sulfones 30
(R=Cl) and 33 (R = H) were obtained by analogous oxidation of the correspond-
ing sulfides 24 and 282Y).

2.1.4. 2-Oxa-6-selena-adamantanes: Pathway B (G 8 - G 712)27:29)

Analogous to conversions by Lautenschlaeger® (see 2.1.8.) treatment of 9-oxa-
bicyclo[3.3.1]nona-2,6-diene (1) with selenium dichloride led to 4% 80 gj. *
chloro-2-oxa-6-selena-adamantane (34) in 85% yield, which by reaction with silver

R
R .
©2 = [J % 3
6 35 OAc
6
S y R 36 OH
/ 37 H

acetate in acetonitrile/acetic acid was converted almost quantitatively into the di-
acetate 35™). LiAlH,-reduction of 35 gave the diol 36, Attempted conversion of
the dichloride 34 to unsubstituted 2-oxa-6-selena-adamantane (37) by LiAlH4-treat-
ment failed, diene I was the only reaction product.

2.1.5. 2-Oxa-6-aza-adamantanes

2-Oxa-6-aza-adamantanes have been prepared by all five pathways A—E.

2.1.5.1. Pathway A (G 7~ G 1) 3% 3%

By treatment of N(9)-methyl-7-ethoxy-granat-3a-ol (38) with hydrogen bromide
Stetter & Mehren3® obtained in 1967 unsubstituted N(6)-methyl-2-oxa-6-aza-ada-
mantane (40). This was the first synthesis of a 2-oxa-6-aza-adamantane.

7 RZ
OH 0?
. _—
R! RN®
38 R! = CH3, R?=0C,H; 40 R = CH;
39 R! = COCH3,R2=H 41 R=COCH;
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Kashman and Benary33) reported the successful ring closure of the bicyclic al-
cohol 39 by lead tetraacetate (without or with iodine added) to the N(6)-acetyl-2-
oxa-6-aza-adamantane (47).

2.1.5.2, Pathway B (G 8 - G 1231, 32,36)

Treatment of N(9)-formyl-9-azabicyclo[3.3.1]nona-2,6-diene (42) with bromine in
methanolic KOH-solution gave N(6)-formyl-4N®) 8N(€) .dihromo-2-0xa-6-aza-ada-
mantane (43) in 56% yield. Subsequent LiAlH4-reduction gave 81% of unsubstituted
N(6)-methyl-2-0xa-6-aza-adamantane (40)39).

CHO . )
207 l R’.& 0? _R R
N E——
P er@ 43 CHO  Br
. 40 CHy H
R
42

N(9)-Phenylsulfony]-9-azabicycloi3..';. 1] nona-2,6-diene (44) is another suitable
starting material for the synthesis of C(4),C(8)-disubstituted 2-oxa-6-aza-adamantanes,
the two substituents being equal>®. The configurations at C(4) and C(8) may either

Rl
2 2
2 /IL R*Hg 0 _.R
I 45 OAc
R'N 46 I
44 HgR?

RZ R2
R? R3 R? R3 R2 R3
47 1 I 50 1 I 54 I I
48 OAc 1 51 I OAc 55 OAc 1
49 OAc OAc 52 OAc I 56 OAc OAc
53 OAc OAc
R
57 R1
s 58 H
A 702 59 CHO
SAl10 1 40 CH3
R! = 80,C¢Hs RNEZT~ 60 CO,C3H;
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be the same or differ. Oxymercuration of diene 44 by mercuric acetate in water/
methanol yielded almost quantitatively the tricyclic diacetoxymercuri compound
45, which was easily converted to the corresponding diiodomercuri compound 46.
lododemercuration of 46 gave a mixture of the three at C(4) and C(8) isomeric
diiodo-2-0xa-6-aza-adamantanes 47 (10%), 50 (34%) and 54 (23%), which could be
separated by fractional crystallization and chromatography on silicagel. Diiodide
47 as sole product was obtained in 79% yield by reaction of diene 44 with mercuric
oxide and iodine. All three diiodides 47, 50 and 54 were converted to unsubstituted
N(6)- phenylsulfonyl-2-oxa-6-aza-adamantane (57) by reaction with desactivated
raney-nickel C in methanolic KOH-solution (yields: 82—88%). Reduction of 57 with
sodium in boiling isoamyl alcohol led to unsubstituted 2-oxa-6-aza-adamantane (58)
(61%). By treatment of 58 with ethyl formate the formamide 59 (98%) was formed
which by LiAlH4-reduction gave N(6)-methyl-2-oxa-6-aza-adamantane (40). The
corresponding urethane 60 (60%) was obtained by heating a solution of 40 and ethyl
chloroformate in benzene.

Each of the three diiodides 47, 50 and 54 was also treated with silver acetate
in acetic acid3%)". Starting from 47 one obtained after 230 hrs a product mixture
which among others contained 28% monoiodo-acetate 48% but none of the corre-
sponding diacetate 492, Analogous treatment of 50™ at 70° gave after 4 hrs among
others 77% of the monoiodo-acetate 51, after 89 hrs among others 50% of 5/ and
20% of the diacetate 53 but no monoiodo-acetate 52°. Finally reaction of 54™ for
9 hrs at 60° yielded among others monoiodo-acetate 55 (20% relative to reacted
material) and diacetate 56 (66% relative to reacted material).

Treatment of the diacetoxymercuri compound 45 with NaBH, in aqu, NaOH-
solution3®) gave only 23% of unsubstituted N(6)-phenylsulfonyl-2-0xa-6-aza-ada-

/— 45
//‘\ HO, ?OZC&H5
2

44 57

P2
22 ~ 2 2 (6]
H3CH,C,0,SN~Y RINGSER? N,
62 R? 1
Rr! R? R3
63 S0,CeH4CH3 Br H
64 S0,C¢H4q4CH3 H Br
65 SO,C¢H4CH3; H H
58 H H H
58+ HCI H-HA H H
66 COCgHs H H

27



C. Ganter

mantane (57) but at the same time 18% diene 44 and 21% bicyclic alcohol 61. Diene
44 as sole product (65%) was obtained by reduction of 45 with raney-nickel C3.
Ring closures to 2-oxa-6-aza-adamantanes starting from bicyclic dienes were also
accomplished? 1,32) by hydroxybromination of the 9-aza-diene 62 with N-bromo-
succinimide (= 63: 53%) and by reaction of the 9-oxa-diene / with N N-dibromo-
p-tolylsulfonamide (= 64: 25%). Both dibromides were converted to 65 (raney-
nickel/H,), which itself by treatment with sodium in liquid ammonia, yielded un-
substituted 2-oxa-6-aza-adamantane (58), also characterized as its hydrochloride
58« H(CI and N-benzoyl-derivative 66.

2.1.5.3 Pathway C (G 9~ G 13)3®

'N(9)-Phenylsulfonyl-exo,exo-2,3-epoxy-9-azabicyclo{3.3.1]non-6-ene (67) is one
of the suitable starting materials for the preparation of disubstituted [the substit-

0 STI R3 R4 R2 R3 R4
2@ % : 68 oH HgOAc H
Z° RING 69 OH Hgl H

4 70 OH 1 H

R? 71 OH H 1

67 72 OH H H
48 OAc I H

52 OAc H 1

R! =80,C¢Hs 73 OAc H H

uents at C(4) and C(8) being different] as well as monosubstituted [at C(4)] 2-oxa-
6-aza-adamantanes. Oxymercuration of diene 67 with mercuric acetate in water/
methanol (- 68) followed by treatment with potassium jodide gave almost quan-
titatively the iodomercuri compound 69. Its iododemercuration yielded a mixture
of the two at C(8) epimeric iodo-alcohols 70 and 71, which was acetylated and
separated by chromatography: 32% 48 and 46% 52. Both compounds in the presence
of desactivated raney-nickel C were directly transformed into the monosubstituted
N(6)—phenylsulfonyl-4N(6)-hydroxy-2-oxa-6-aza-adamantane (72) (58—62%). The
same alcohol 72 was also obtained by treatment of the acetoxymercuri compound
68 with NaBH, in aqu. NaOH-solution. By acetylation 72 was converted to the
acetate 73.

2.1.5.4. Pathways D (G 10> G 14) and E (G 11~ G 14) 3¢

Heating a solution of the syn-exo-diepoxide 74 in 0.5N HCl yielded 61% of N(6)-
phenylsulfonyl4™ (6) gN (6)-dihydroxy-2-oxa—6-aza-adamantane (76) as the sole
tricyclic compound, which was also characterized as its diacetate 49. Analogous
treatment of the anti-epoxide 75 led to a mixture of adamantane-diol 76 (48%) and
the isomeric N(7)-phenylsulfonyl-4N(7),1ON(7)-dihydroxy-2-oxa-7-aza-isotwistane
(77)) (22%). Both diols were also converted to the corresponding diacetates 49 and
789,
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Reaction of the syn-exo-diepoxide 20 (9-oxa) with methylamine under pressure
gave 61% of N(6)—methyl-40(2),80(2) -dihydroxy-2-oxa-6-aza-adamantane (79), which
by subsequent acetylation yielded the diacetate &0.

2.1.6. 2-Oxa-6-phospha-adamantanes: Pathway A (G 7=+ G )37

Refluxing a solution of the endo-3-hydroxy-9-phosphabicyclo[3.3.1.]nonane 81 in
the presence of lead tetraacetate yielded a mixture of three compounds, 2-oxa-6-

2 . 2
@ ) @) ° @
9
RI—P R2-P HyCoH,C~ P2

R’ R! CH,C H;
87
Rl R2 Rl R2
7 = CeHy 1t 84 =0 CeHyy
82 = CH,CgHs 85 = CH,CgHg
83 CHaCgHs =0 86 CH,CgHs
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phospha-adamantane 84 being the main product. Transannular reaction with lead
tetraacetate was also performed on a mixture of the two P-epimeric endo-alcohols
82 and 83 leading to 85 as main product. The P=0 group in 85 was reduced by tri-
chlorosilane in benzene-solution to yield the corresponding phosphine 86, which
then on refluxing in acetonitrile with benzyl chloride gave the dibenzylphosphonium
salt 87.

2.1.7. 2,6-Dithia-adamantanes: Pathway B (G 8 > G 12)38)

45(6) 85(6) 93(2) 105(D).Tetrachloro-2,6-dithia-adamantane (89) has been synthesized
by transannular addition of sulfur dichloride to endo,endo-2,6-dichloro-9- thiabicy-

3

Cl..2 Clag 2
&2
cl 65—
Cl1
. 89

7

88

clo[3.3.1]nona-3,7-diene(88) (20—22%), which itself was obtained from cycloocta-
tetraene by analogous reaction.

2.1.8. 2-Thia-6-selena-adamantanes: Pathway B (G & - G 72)3%

The only compound with this skeleton, 45¢(6) gSe(6) 9S(2) 10S(2)_tetrachloro-2-thia-
6-selena-adamantane (90) was prepared by treatment of the diene 883% with sele-
nium monochloride (35%).

Cl.2 A Iy
@6 ’ °fCl
\Cl 658@
Cl

90

7

88

2.1.9. 2-Thia-6-aza-adamantanes: Pathway B (G 8 » G 712)3!32,35,40)

Transannular addition of sulfur dichloride to 9-azabicyclo[3.3.1]nona-2,6-dienes
(42: N-formyl - 9149 44: N-phenylsulfonyl - 94%® and 62: N-tolylsulfony!

- 963 32)) was applied as an entry to the 2-thia-6-aza-adamantane system. The
chlorine atoms in 97 were easily exchangeable with sodium iodide in boiling diethyl
ketone (= 92, 82%)™ or with silver acetate in acetic acid (= 93, 70%)™, resp.
Under analogous reaction conditions the dichloride 94 was transformed into the
diacetate 95 (95%)™. LiAlH4-reduction of the diacetate 93 yielded 74% of N(6)-
methyl-4N® 8N®) gihydroxy-2-thia-6-aza-adamantane (97). The C(4) and C(8)
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44 SO,CgHs 98 CHj H
62 SO,CgH4CH3 99 COyCHs H
100 H H

unsubstituted 2-thia-6-aza-adamantane 98 was obtained by treatment of the
dihalides 91 and 92 with LiAlH, (approx. 70% in each case). The tertiary amine
98 was easily transformed into its urethane 99 (85%), which by boiling in a HCI.
solution gave the hydrochloride of 2-thia-6-aza-adamantane (100 - HCI). The free
amine 700 was prepared by subsequent treatment with base.

2.1.10. 2,6-Diaza-adamantanes
2.1.10.1. Pathway A (G 7 > G 1)%1 42

A compound with 2 6-diaza-adamantane structure (diradical J06) was described for
the first time in 1969 by Rassat. The Hofmann-Loffler-Freytag reaction of the bi-

Rl R?
3
N-CH,CH; SNR! 102 CH; CH,CgHs
Br - 103 CH; H
H,CN R? 104 H H
105 0 H
101 106 0 0

cyclic N-bromo-derivative 701 yielded the tricyclic compound 102, which by
hydrogenolysis gave N-monomethyl-2,6-diaza-adamantane (103). Subsequent treat-
ment with potassium permanganate under basic conditions led to 2,6-diaza-adaman-
tane {104), which on oxidation gave the monoradical 705 as well as the diradical
106.

32, 43)
21.10.2 Pathway B (G8—~ G 12)

By pathway B, N(2),N(6)—ditolylsulfonyl-4N(6),SN (®)_dibromo-2,6-diaza-adamantane
(107) was synthesized (22%) by treatment of the bicyclic sulfonamide-diene 62 with
N,N-dibromo-p-tolylsulfonamide in chloroform at low temperature. Hydrogenolysis
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R2 108 SO0,CgH4CH3 H

104 H H

62 109 COCgHs H
H

110 CH3

of 107 yielded 108 (82%). The free 2,6-diaza-adamantane (104) was obtained from
108 by reaction with sodium in liquid ammonia (75%) and among others character-
ized as its N(2),N(6)-dibenzoyl-derivative 109. The N(2),N(6)-dimethyl-derivative
110 was prepared from 104 by the Leuckart-Wallach reaction (94%).

21.10.3. Pathway D (G 10~ G 14)*¥

Treatment of the syn-diepoxides 74 and 711 with methylamine under pressure yielded
the 4N 8N©)_dihydroxy-2,6-diaza-adamantanes 112 (94%) and 114 (63%), resp.,

O, 3R 2 Rl R2
IE | ﬁ R*&7NCH,

N7 112 S0,CeHs OH
<5 RINE 113 S0,CeHs OAc

R? 114 CHO OH
15 CHO OAc

R 116 CHj3 OH
117 CH; OAc

74  S0,Ce¢Hs 118 CHj3 a
111 CHO 110 CH3 H

which each was converted to the corresponding diacetate 713 and 115. LiAlHreduc-
tion of the latter led to 2,6-diaza-adamantane-diol 116, characterized also as its di-
acetate /77, The dichloro compound 718 (35%)™ was obtained by reaction of the
diol 116 with thionylchloride. 118 should easily be convertible to unsubstituted
N(2), N(6)-dimethyl-2 6-diaza-adamantane (110).

2.2. 2,7-Dihetero-isotwistanes®

2.2.1. Introduction

"Syntheses of various 2,7-dihetero-isotwistanes by bridging suitable bicyclononanes
were successful applying one or several of the pathways F-M. Ring closures occurred
either by nucleophilic attack at a double bond (in G 15, G 16 and G 17), at a car-
bony! carbon (in G 20) and at an epoxide ring {in G 21 and G 22) or by substitution
of a leaving group (in G 18 and G 19).
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2.2.2. 2,7-Dioxa-isotwistanes

45,46,49-51)
2.2.2.1. Pathway F (G 15> G 23}

endo-2-Hydroxy-9-oxabicyclo[3.3.1]non-6-ene (119)* 6% 64) easily accessible from
cis cis-cycloocta-1,5-diene, was the startmg material chosen. Treatment of 119 with
mercuric acetate in water yielded 10°M -acetoxymercuri-2,7-dioxa-isotwistane (120)?,

R! R2?
120 HgOAc H
R? 121 HgBr H
HO-- ; 122 Hgl H
— 0?2 123 HgNO3 H
6 / 2NUj3
= Rl P 124 HgCl H
125 I H
119 126 Br H
127 H I
128 H H

which in aqu. KBr- or KI-solution, resp., was converted to the corresponding bromo-
mercuri ({27) and iodomercuri compound (122). By an analogous sequence diene
119 with mercuric nitrate in a 1% HNOj3-solution gave the nitratomercuri compound
123, which in aqu. NaCl-solution was transformed into the chloromercuri compound
124, lododemercuration of 122 led to a mixture of the two epimeric 10°M. and
10°?).iodo-2,7-dioXa-isotwistanes (125 and 127), whose composition depended on
the applied reaction conditions®. In all of the above reactions the yields were very
high, e.g. the overall yield of 119~ 120 - 122 - 125 + 127 was 85%. The 10°(7).
iodide 7125 could also be obtained as sole product (74%) by treatment of diene 7119
with iodine in chloroform at room temperature. Analogous reaction in carbon tetra-
chloride gave only 47% of 125. Demercuration of the acetoxy- and chloromercuri
compounds 720 and 124 with NaBH4 as well as raney-nickel-reduction of the iodides
125 and 127 in each case gave in good yields unsubstituted 2,7-dioxa-isotwistane
(128).

2.2.2.2 Pathway | [G 18+ G 26 (R" = H: G 2)1*®

2,7-Dioxa-isotwistane (728) was prepared by intramolecular substitution at C(7) of
endo-2-hydroxy-exo-7-tosyloxy-9-oxabicyclo[3.3.1]nonane (129) in methanolic KOH-
solution in 62% yield.

HO-.2
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22.2.3 Pathway K (G 20~ G 27)%

Treatment of the tetrahydropyranylether 130 with methanesulfonic acid in methanol
yielded beside 26% of the corresponding alcohol 131, 45% of 1-methoxy-2,7-dioxa-

.RO~@ @

130 —
THP OCH;

131 H
132 Ac

isotwistane (133), which by reaction in aqu. acid in a good yield gave the hydroxy-
ketone 131, which was also characterized as its acetate 132,

2224 Pathway L (G 21 - G 28)*®

endo-2-Acetoxy-ex0,ex0-6,7-epoxy-9-oxabicyclo[3.3.1 Jnonane (134) when treated
in a methanolic K,COs-solution for 1 hr at 70° yielded a mixture of the correspond-

RO-.2 7 2
. —_— O\/ 10 0
™o RO

R R
134 Ac 137 H
135 H 138 THP
136 THP

ing alcohol 135 and by intramolecular attack of the OH-group at the epoxide ring
(trans-opening) 109D hydroxy-2,7-dioxa-isotwistane (/37), which was converted

to a separable mixture of the tetrahydropyranylethers 136 and 13&. Under more
drastic conditions (21 hrs in a boiling K2COj3-solution) the epoxy-acetate 134 was
transformed into the isotwistanol /37 in an almost quantitative yield. Furthermore,
the latter was also obtained in a 96% yield by treatment of the tetrahydropyranyloxy-
epoxide 136 with methanesulfonic acid and under the same conditions from the
tricyclic tetrahydropyranylether 138.

2225, Pathway M (G 22 - G 29)

As already mentioned in 2.1.2.3., boiling a solution of the anti-diepoxide 21 in 0.5N
HCI gave a mixture of 4% 10°M.dihydroxy-2,7-dioxa-isotwistane (22) and ada-
mantane-diol 13. Both diols were also characterized as their acetates 235 and 9%,
respectively.
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2.2.3. 2-Oxa-7-thia-isotwistanes: Pathway F (G 15 > G 23)

2.2.3.1. Sulfides*® 53

Endo-2-Hydroxy-9-thiabicyclo[3.3.1]non-6-ene (139), easily prepared from ciscis-
cycloocta-1,5-diene, is a suitable starting material for the synthesis of 2-oxa-7-thia-
isotwistanes. Oxymercuration of 739 with mercuric nitrate yielded the nonisolated
nitratomercuri compound 740, which by NaBHg4-reduction in basic solution gave
directly unsubstituted 2-oxa-7-thia-isotwistane (148, 45% relative to 139)". As by-
products the bicyclic alcohol 139 (approx. 30%) and a mercuri compound (approx.
20%), to which structure 749 may be assigned, were isolated. Treating a basic solution
of the nitratomercuri compound 740 with either NaCl, KBr, or KJ gave in each case in
high yields the corresponding halomercuri compounds 142, 143 and 144, resp. By
addition of bromine in chloroform to 143, 10°®.bromo-2-oxa-7-thia-isotwistane
(145) was obtained as the sole product (70%). However, analogous treatment of the
iodomercuri compound 744 with iodine gave a separable mixture of the C(10)-epi-
meric isotwistane-iodides 146 and 747 (approx. 85%) in the ratio of 2: 1. Only 105,
iodo-isotwistane /47 was formed by alkoxyiodination of the unsaturated bicyclic
alcohol 139. Best results were obtained with a solution of /139 in iodine, t-BuOK and
t-BuOH, where approx. 40% of 147 could be isolated. With iodine in chloroform

R? R! R2

HO“@ / ' 140 HgNO; H
— 75 ~0? gNO3

6 Y /) 141 HgOAc H

139 R 142 HgCl H

143 HgBr H

144 Hgl H

145 H Br

. 146 H I

s o 147 I H

g ow

149

=T

147 was formed only to about 12%, the main product being the ether 150 (32%).
Both iodides 746 and 147 on LiAlHg-reduction yielded unsubstituted 2-oxa-7-thia-
isotwistane (145).

2.2.3.2 Sulfoxides and Sulfones®®

In addition to the above work on sulfides (see 2.2.3.1.) the behaviour of analogous
sulfoxides and sulfons was also studied. The bicyclic sulfoxides 151 [the O-atom
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at S(9) orientated towards C(7)] and 152 [the O-atom at S(9) orientated towards
C(3)] as well as the sulfone 153, by reaction with mercuric nitrate and subsequent
treatment with potassium iodide were converted to the corresponding tricyclic com-
pounds: 151 > 154~ 155, 152~ 157~ 158 and 153 - 160 —~ 161. Both sulfoxides
155 and 158 could be oxidized with hydrogen peroxide to the sulfone 161. Sulfoxide
155 was also obtained as the sole product from 105-iodomercuri-2-oxa-7-thia-iso-
twistane (/44) by oxidation with one equivalent of hydrogen peroxide.

0o
HO.2 HO..2 HO-.2
S
7
151 O 152 153
R? R? R?
0\
S 0 ~—— S 0 — 0,8 >0
o N 4
Rl Rl Rl
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154 HgNO3 H 157 HgNO3 H 160 HgNO3 H
155 Hgl H 158 Hgl H 161 Hgl H
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R! R2 n
144 Hgl H 148 0
146 H I 165 2
147 1 H

Treatment of 755 with iodine in chloroform (iododemercuration) yielded the
iodo-sulfoxide 156 as the sole product (approx. 40%), whereas, under analogous reac-
tion conditions the S(7)-epimeric organomercuri compound 158 gave approx. 40% of
the same iodide 156. However, the S(7)-epimeric iodide 159 was also formed to a
smaller extent (approx. 8%). Both sulfoxides 156 and 159 were converted to the
same sulfone 762 by oxidation with hydrogen peroxide which by iododemercuration
of 161 could also be obtained as an approx. 1 : I-mixture with the C(10)3-epimer
163. The latter compound was identical with the sulfone prepared via the sulfoxide
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164 by oxidation of 105()jodo-2-0xa-7-thia-isotwistane (147) (see 2.2.3.1.). Reduc-
tion of the mixture of 162 and 163 with raney-nickel yielded the unsubstituted sul-
fone 165, which was identical with the oxidation product of 2-oxa-7-thia-isotwistane

(148).

2.2.4. 2-Oxa-7-aza-isotwistanes

Ring closures to tricyclic 2-0xa-7-aza-isotwistanes were carried out starting from the
hydroxy-olefin 166 (pathway F), the corresponding hydroxy-epoxide 175 (pathway
L) or the anti-diepoxide 75 (pathway M).

2.2.4.1. Pathway F (G 15— G 23)°%

Oxymercuration of N(9)-ethoxycarbonyl-endo-2-hydroxy-9-oxabicyclo{3.3.1]non-
6-ene (166) with mercuric acetate in water/methanol yielded approx. 98% of the
acetoxymercuri-isotwistane 167, which by treatment with potassium iodide was easily
transformed to the corresponding iodomercuri compound 168. lododemercuration

R! R? R3

CO:C,Hs R? 167 CO,C;Hs HgOAc H

HO -2~ | / 168 CO,C,Hg  Hgl H
@6 - R'N{/ 16,0° 169 CO,CoHs 1 H

z R? 170 CO,C,Hs H I

171 C0,CHs H H

166 172 CH; H H

173 H H H

(I,/CHCI3) of 168 led to a mixture of the two C(10)-epimeric iodides 169 (57%,

10N M-configuration) and 170 (37%, 10°@configuration). Both iodides were reduced
almost quantitatively with raney-nickel in methanolic KOH-solution to N(7)-ethoxy-
carbonyl-2-oxa-7-aza-isotwistane (171). LiAlH,-reduction of this urethane 177 gave
the N(7)-methyl-derivative 172 (85%), whereas treatment of 171 in 20% HCl-solution
for 4 days at reflux temperature finally yielded the hydrochloride of 2-0xa-7-aza-
isotwistane (173 HCI, 96%). The free amine 773 was obtained by subsequent treat-
ment with base.

2.2.4.2. Pathway L (G 21 —~ G 28)°%

Acid-catalyzed intramolecular cyclization of the hydroxy-epoxide 175, obtained by
base-hydrolysis of the acetate 174, yielded 97% of isotwistan-10N(-o0l 176.
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2.2.4.3. Pathway M (G 22 - G 29)°9

As already described in 2.1.5.4. a mixture of N(7)-phenylsulfonyl-4™¢? 10N .dihy-
droxy-2-oxa-7-aza-isotwistane (77, 22%) and the isomeric adamantane-diol 76 (61%),
both compounds also characterized as their acetates 787 and 49, was obtained by
refluxing a solution of the anti-diepoxide 75 in 0.5N HCI.

2.2.5. 2-Thia-7-oxa-isotwistanes
2.2.5.1. Pathway F (G 15—~ G 23)*759)

Acid-catalyzed intramolecular addition of the free HS-group of the mercaptane 177
to the double bond C(6)-C(7) yielded almost quantitatively the tricyclic compound
179. Treatment of it with HCl/ethanol gave the corresponding ketal 180, with thio-
nylchloride the two isomeric chlorides 18] (isotwistane-derivative) and 184 (bicyclo-
[4.2.1]nonane-derivative). The latter was obviously formed by chlorination of the
free hydroxy-ketone, which corresponds to the hemiketal 179. Reduction of 181 by
sodium in tetrahydrofuran finally yielded unsubstituted 2-thia-7-oxa-isotwistane
(182), the very first compound with 2,7-dihetero-isotwistane structure®®’,

Rl
HS-.2 s R 6 i-0
e S S
6 N
z RZ Cl
184
R R! R?
177 OH 179 OH H
178 H 180 OC;Hs H
181 l H
182 H H
183 H Br

Using an analogous starting material, the bicyclic mercaptane 1 7853 reacted
with bromine in carbontetrachloride at —18° yielding approx. 95% of 10°™.bromo-
2-thia-7-oxa-isotwistane (183)%7.

39



C. Ganter
2.2.5.2. Pathway G (G 16 > G 24)*")
Oxymercuration (mercuric acetate) of endo-7-hydroxy-9-thiabicyclo[4.2.1]non-2-ene

(188), a starting material prepared by the synthesis 185 - 186 - 187 - 188 from
the known endo-7-acetoxy-9-thiabicyclo[4.2.1 ]nonan-3-one (185)°® yielded the

8 R
o R!
N ) A
AcO R20 2 10
185
R! R2 R
186 Ac Ac 189 HgOAc
187 H Ac 182 H

188 H H

acetoxymercuri compound /89, which by NaBH,-reduction was transformed to
unsubstituted 2-thia-7-oxa-isotwistane (182).

2.25.3. Pathway H (G 17 ~ G 25)%%

A further derivative, the 9°(-bromo-2-thia-7-oxa-isotwistane (197), was obtained
by reaction of endo-2-mercapto-9-oxabicyclo[3.3.1non-7-ene (190) with bromine.

HS-.2
— o

8 7
9

Br
190 191

2.2.5.4. Pathway J (G 19 - G 2)*7

Intramolecular substitution of the exo-3-tosyloxy group by the endo-7-hydroxy group
in 795 opened a further access to unsubstituted 2-thia-7-oxa-isotwistane (/82). The
starting material /95 was obtained by NaBH, -reduction of 185°% (- 192 + 193)

R2
3 O - Rl
s o
AcO R*0
185 R1 R2 R3 182
192 OH H Ac
193 H OH Ac
194 OTs H Ac
195 OTs H H
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followed by tosylation of the former (= 194). 195 formed by treatment with base
was not isolated.

2.2.6. 2,7-Dithia-isotwistanes: Pathway F (G 15 ~ G 23)°7)

For the preparation of 2,7-dithia-isotwistanes the mercaptane 196 as well as the
disulfide 797 were used as starting materials. Treatment of 196 with bromine or

e g
6
R

1

| W

196
199

8 200

chlorine in carbontetrachloride in each case yielded approx. 90% 105(7)-bromo(or
chloro, resp.)-2,7-dithia-isotwistane (198 or 199, resp.). Analogous reaction of the
disulfide 197 with chlorine also gave 199, however, in a much lower yield. The un-
substituted 2,7-dithia-isotwistane (200) was obtained by LiAlH,4-reduction of the

bromide 198 as well as of the chloride 199.

R
198 Br
C
H

2.2.7. 2-Aza-7-oxa-isotwistanes: Pathway F (G 715 > G 23)58)

Entry to the 2-aza-7-oxa-isotwistane system was successful by olefin amination of the
bicyclic amine 201 with mercuric acetate in dimethyl sulfoxide. The 100(7)-acetoxy-

H
H3CN-.
— 0 INCH; + 0O NCH
o NN ’
7 AcO 10
AcO
201 202 203

isotwistane 202 was obtained in a 72% yield beside traces of the corresponding twist-
ane-acetate 203.

2.2.8. 2-Aza-7-thia-isotwistanes
2.2.8.1. Pathway F (G 15— G 23)°%

Olefin amination of the bicyclic unsaturated secondary amine 204 with mercuric
acetate in dimethyl sulfoxide yielded up to 85% of the l03(7)-acetoxy-2-aza-7-thia-
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H
RN..2 ,
— 8 R
‘ ' va
1 AcO
R ' R
204 CHj 206 CHj3
205 H 207 H

isotwistane 206, whereas by analogous reaction of the bicyclic primary amine 205
the corresponding isotwistane 207 was formed only in a moderate yield.

2.2.8.2. Pathway I (G 18 - G 26)°%

Cyclization of the bicyclic bromo-amine 208 in 1,2-dichloroethane in the presence
of solid Na,CO; yielded over 90% of the 10N®).bromo-isotwistane 209.

O
H Br
HiCN.2 t
.‘Br 10
7
Br
208 209

2.3. 2,7-Dihetero-twistanes
2.3.1. Introduction

For the synthesis of 2,7-dihetero-twistanes by bridging a suitable heterobicyclononane
with a second heteroatom, only three pathways (N—P) were applied so far, whereby

HX.2 HX.z2 HX..s
2 A T W i 8
7 7 R
Rl

(N ’ G0 G31

~ b

pathway N: G 15— G 32 R H
pathway O: G 30— G 33 H R'=Hor+H H
pathway P: G 31 - G 34 H H

42



Dihetero-tricyclodecanes

ring closures were performed either by nucleophilic attack at the double bond C(6)-
C(7) (in G 15) and at a carbonyl carbon (in G 31) or by substitution of a leaving
group (in G 30).

2.3.2. 2,7-Dioxa-twistanes
2.3.2.1. Pathway O (G 30—~ G 33)%% 69

Treatment of endo-2-hydroxy-exo-6-iodo-9-oxabicyclo{3.3.1]nonane (210) in metha-
nolic KOH-solution at reflux temperature yielded a mixture of 68% of the dehydro-
halogenated compound 779 and 8% of 2,7-dioxa-twistane (212)®, the product of
intramolecular substitution. The ratio of elimination to substitution could lean strong-
ly in favor of the latter by refluxing 210 in pyridine: 47% of the twistane 212 and

only 28% of the unsaturated bicyclic alcohol 119 were formed®®,
R
4
HO..2 HO-.3
e, L
S, 6
7 R! 7
R? 119
R! R? R
210 I H 212 H

211 OTs CH3 213 CH3

By the same pathway reaction of endo-2-hydroxy-exo-6-tosyloxy-endo-7-methyl-
-oxab1cyclo[3 3.1]nonane (211) in methanolic NaOH-solution, 4°@-methyl-2,7-
dioxa-twistane” (213) could be obtained in high yield?,

2.3.2.2. Pathway P (G 31 > G 34)5%

On the basis of the results described in 2.2.2.3., namely, the easy intramolecular
ketal formation of 131 to 133, the question arose whether endo-6-hydroxy-9-oxa-
bicyclo[3.3.1]nonan-2-one (274)*®) might analogously be converted to the correspond-
ing I-methoxy-2,7-dioxa-twistane (219). The experiments, even under drastic acidic
conditions in methanol (5.5N HCl in CH;0H, 2 days at 80°), showed that no ring
closure 214 — 219 occurred. Introduction of an endo-methyl group at C(7), however,
strongly favors the formation of the tricyclic hemiketal with twistane structure. In
the IR-spectrum (CHCl;) of the alcohol obtained by base-treatment of endo-6-acet-
oxy-endo-7-methyl-9-oxabicyclo[3.3.1]nonan-2-one (215) only a weak carbony!
absorption (1712 cm™!) can be observed. The IR-spectrum of the crystalline com-
pound in KBr showed no carbonyl absorption at all. In the NMR-spectrum (CDCl ;) the
signals of two secondary methyl groups at § = 1.01 ppm and 1.16 ppm (ratio 1:5)
are observed. All these results reflect the equilibrium between the bicyclic hydroxy-
ketone 216 and the tricyclic hemiketal 218. Treatment of 216 + 218 with methano-

43



C. Ganter

R} R 4
RIO\ T 4
R
OH h
: OCH,
R! R2 R R
214 H H 217 H 219 H
215 Ac CH3 218 CH3 220 CHj3
216 H CHs;

lic HCl-solution yielded 1-methoxy-4° ?)-methy!-2,7-dioxa-twistane (220). Model
studies on 216 show that in a chair-conformation the methy! group at C(7) would
be axial. A boat- or twist-conformation of the six-membered ring, which therefore
seems much more likely, is a necessary condition for the ring closure in the case of
a twistane-derivative. As demonstrated by the above reactions ring closures starting
from bicyclo[3.3.1nonanes to twistanes [see 210 ~ 212 and 211 - 213 (2.3.2.1.), 214
- 217, 216 —~ 218] require more conformational changes than those involving iso-
twistanes [see 129 - 128(2.2.2.2.) and 131 - 133(2.2.2.3))].

The synthesis of the twistane-ketal 219 using endo-6-hydroxy-9-oxabicyclo[3.3.1)-
nonan-2-one (214) or its acetate 221, resp., was nevertheless successful by applying
the following route: according to a procedure by Inhoffen er al.®® the keto-acetate
221 was treated with trimethyl orthoformate. From the reaction mixture which
contained the dimethoxy-ketals 222 and 223 as well as the enolethers 224 and 225,
the acetates 222 (63%) and 224 (5%) were isolated by chromatography. On base-
hydrolysis they gave the alcohols 223 and 225. Pyrolysis of the ketal 222 and simul-
taneous distillation yielded 67% of the enolether 224. Finally by treating the dime-

R30_, RO_6
e — g " E2
*°R? ! # TOCH,
OCH,;
219
Rl R2 RrR3 R
214 o) H - 224 Ac
221 0O Ac 225 H
222 OCHz OCH3 Ac 226 CHO

223  OCH3y OCH; H

thoxy-ketal 223 with p-tolylsulfonic acid in benzene for 1 hr at 80° the twistane-
ketal 219 was obtained in a 17% yield beside 57% of 214 (formed by hydrolysis)
and other not identified products. Analogous treatment (under addition of trimethyl
orthoformate to avoid hydrolysis by moisture) of the enolether 225 gave 66% of
crude 219, which contained approx. 10% of the formate 226. The methoxy-twistane
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219 was also already formed during the reaction of the hydroxy-ketone 214 with

trimethyl orthoformate and acid. However, it is difficult to isolate 219 from this
reaction mixture.

2.3.3. 2-Oxa-7-aza-twistanes (correct name) or 2-Aza-7-oxa-twistanes, Resp.‘)
2.3.3.1. Pathway N (G 15~ G 32)°®
As already mentioned in 2.2.7. only traces of the twistane 203 were obtained by

olefin amination with mercuric acetate in dimethyl sulfoxide of the bicyclic amine
201. The main product was the corresponding 2-aza-7-oxa-isotwistane 202.

2.3.3.2. Pathway O (G 30~ G 33)°®

Both bicyclic amines 227 and 228 with an exo-bromine atom at C(6) as the leaving
group could be cyclized almost quantitatively in 1,2-dichloroethane in the presence

H
RN_2
@ TR
TN Br
Br 22
Br
R R
227 H 229 H
228 CH3 230 CHj

of solid Na,CO; to the 10N -bromo-twistanes 229 and 230. The former was con-
verted to the latter by treatment with methyliodide (88%).

2.3.4. 2-Thia-7-aza-twistanes (correct name) or 2-Aza-7-thia-twistanes, Resp.?:
Pathway O (G 30+ G 33)°®

Studies on intramolecular cyclizations using pathway O were mainly carried out with
the bicyclic endo-2-amine 237 having an exo-bromine atom at C(6) as leaving group.

H
H;CN. 2
Br

KA

R p
R
R R
231 Br 234 Br
232 a 235 @
233 OH 236 ~ OH
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237 238

Best results have been obtained in 1,2-dichloroethane at 80° in the presence of solid
Na,CO,, where the 10N® -bromo-2-aza-7-thia-twistane 234 was formed in 97% yield.
Analogous cyclizations were carried out with 232 (= 235), 233 (- 236) and 237

(— 238).

3. Syntheses: Substitutions and Rearrangements Involving Neighboring
Group Participation of Dihetero-tricyclodecanes

3.1. Introduction

The following characterization of neighboring group participation was given by Ca-
pon67): “Some substituents may influence a reaction by stabilizing a transition state
or intermediate by becoming bonded or partially bonded to the reaction centre. This
behaviour is called neighbouring group participation, or sometimes, if an increased
reaction rate results, intramolecular catalysis, and, as with intermolecular catalysis,
nucleophilic, electrophilic, and basic catalysis or participation are possible. If the
transition state of a rate-determining step is established in this way, an increased reac-
tion rate results and the neighbouring group is then said to provide anchimeric assis-
tance™.

In the series of dihetero-tricyclodecanes, substitutions and rearrangements involv-
ing neighboring group participation of heteroatoms (onium ions)", especially of
oxygen (oxonium jons)™), sulfur (episulfonium ions, thiiranium ions)** ¥ and nitro-
gen (ammonium ions, aziridinium jons)® as well as in one case also of selenium (epi-
selenium ions), were studied on adamantanes (G 1), isotwistanes (G 2), twistanes (G 3)
and homotwistbrendanes (G 4).

Compounds with one or two, resp., leaving groups at one or two, resp., $-carbon
atoms in stereoelectronically favored positions (anti-periplanar) were chosen as can-
didates for neighboring group participation of one or the other heteroatom (X or Y):
one leaving group  at C(4) in adamantanes

at C(10) in isotwistanes
at C(10) in twistanes”
at C(6) in homotwistbrendanes®
two leaving groups at C(4) and C(8) in adamantanes
at C(4) and C(10)in isotwistanes
at (C4) and C(10)in twistanes?
at C(4) and C(6) in homotwistbrendanes®
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According to the possible configurations of the leaving groups, syn or anti to
the hetereoatoms, the starting materials may be classified by the following three
groups:

— the sole or both leaving groups anti to X(2)
— the sole or both leaving groups antito Y
— one leaving group anti to X(2), the other one antito Y

3.2. The Sole (R!) or Both (R! and R?) Leaving Groups Anti to X(2)
3.2.1. introduction

Depending on the number of leaving groups or substituents, resp., the listing in Table
1 follows for the starting materials.

Starting from the above compounds the following substitutions without and
with skeletal rearrangements are possible. Intramolecular nucleophilic attack of the
heteroatom X(2) at the R"-substituted carbon atom of adamantanes G 36 as well as
of isotwistanes G 37 leads to the same onium ion G 38. A priori, an external nucleo-
phile R3® has the three possibilities A, B and C** for an attack at a carbon atom.
Attack A yields R3Y®)adamantanes G 39 (substitution under retention), attack
B leads to R31Y Ml jsotwistanes G 40 (substitution under skeletal rearrangement).
Analogously adamantanes G 42 and isotwistanes G 43 may be obtained from ada-
mantanes G 39 or isotwistanes G 47 through onium ions G 41 [formed by intramole-
cular attack of the heteroatom X(2) at the R?-substituted carbon atom] on the basis
of the two possible attacks D and E*,

Involving neighboring group participation of the heteroatom X(2) by intramole-
cular nucleophilic substitution at the R!-substituted carbon atom, an identical onium
ion G 46 is formed starting from isotwistanes G 44 as well as from twistanes G 45.

Table 1
Leaving groups
Starting materials
One Two
Adamantanes G 36 R1 (R2 = H) Rl (R2)
G 39 R? (R? = substituent) -
Isotwistanes G 37 R! R?=H) R! R?)
G 40 R? (R3 = substituent) -
G 44 R! (R? = H) R' ®RY)
. G 47 R? (R3 = substituent) -
Twistanes G 45 R! R?=H) R! ®RY
G 48 R2 (R3 = substituent) -
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Of the a priori three possible attacks G, H and I?” of an external nucleophile R>®
at G 46, G gives isotwistanes G 47 and H twistanes G 48. Analogously the onium
ion G 49 [formed by attack of X(2) at the R?-substituted carbon atom in isotwist-
anes G 40 and twistanes G 48 opens the access to isotwistanes G 50 (attack J) and
twistanes G 51 (attack K)).

In the isotwistanes G 40 and G 47 on the one hand or in G 43 and G 50 on the
other hand in each case only R? and R? or R? and R?, resp., are interchanged. Ap-
plying the same external nucleophile (R3® = R*®) G 43 and G 50 become identical.

Several of the above mentioned possibilities of substitutions without and with
skeletal rearrangements involving neighboring group participation were studied and
are described as follows.

3.2.2, Starting Material: 2,6-Dihetero-adamantanes

Depending on the nature of the heteroatoms X and Y, 2,6-dihetero-adamantanes of
the type G 36 as starting materials where both leaving groups R!-C(4) and R?-C(8)
are anti to the same heteroatom suffer substitutions either exclusively without skel-
etal rearrangement or together with rearrangement. However, rearranged products
alone have not been obtained in any of the studied cases.

3.2.2.1. Only Substitution

Exclusively substitution without skeletal rearrangement under retention of configura-
tion [see G 36 > G 38 (onium ion) » G 39 ~ G 4! (onium ion) -~ G 42] was the
result of the following reactions:

Y(6) X(2» R! R? R3 g4

24 S o c6c a H H

25 S 0 OH OH H H

27 S o] OCH3 OCHz3H H

Rt R 34 Se o a ¢ H H
8f 7 X2 . 35 Se 0 OAc OAc H H
. 54 NSOsCgHs O 1 1 H H

sy R 55 NSO,CgHs O OAc 1 H H
R3 56 NSO,C¢Hs O OAc OAc H H

91 NCHO S H H «a «a

92 NCHO S H H 1 I
93 NCHO S H - H OAc OAc

94 NSO,CgHg S H H Cl Cl
95 NSO,C¢Hs S H H  OAc OAc

116 NCH; NCH; H H OH OH

118 NCH3 NCH; H H a a
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Treatment of 4°® 8°?)._dichloro-2-oxa-6-thia-adamantane (24) with aqu. Na,CO;-
solution vielded almost quantitatively the corresponding diol 25 (episulfonium)
ion) (2.1.3.)?8), whereas reaction of 24 with silver oxide in methanol gave the
dimethoxy-compound 27 (episulfomium ion) (2.1.3.)?V.

Treatment of 4°(),80®)_dichloro-2-oxa-6-selena-adamantane (34) with silver
acetate in acetic acid or acetonitrile almost quantitatively led to the correspond-
ing diacetate 35 (episelenium ion) (2.1.4.)37> 2%,

Using N(6)-formyl-4™(® 8N(®)_gjchloro-2-thia-6-aza-adamantane (91) as starting
material, reaction with sodium iodide in diethy] ketone yielded 82% of the di-
iodide 92 (episulfonium ion) and reaction with silver acetate in acetic acid gave
69% of the diacetate 93 (episulfonium ion) (2.1.9.)*®. Under analogous conditions
the dichloride 94 was transformed to the diacetate 95 (95%) (2.1.9.)%%.

From treatment of N(2),N(6)-dimethyl-4"(®) 8N©)_dihydroxy-2,6-diaza-adaman-
tane (116) with thionylchloride 35% of the corresponding dichloride 118 could
be isolated (aziridinium ion) (2.1.10.3.)*¥.

A special case is the observed substitution with retention as the result of the reac-
tion of N(6)-phenylsulfonyl-4°® 8°® _diiodo-2-oxa-6-aza-adamantane (54) with
silver acetate in acetic acid during 9 hrs at 60°, which yielded 4°®.acetoxy-8°®-
iodo-adamantane 55 (20% relative to reacted 54) and 4°@ ,80(2)-diacetoxy-ada-
mantane 56 (66% relative to reacted 54). Because of the reduced basicity of N(6)
by the sulfone group this reaction will not be classified as one involving “normal”
neighboring group participation (2.1.5.2.)39).

3.2.2.2. Substitution and Rearrangement

In both cases studied using G 36-adamantanes as starting materials rearranged products
were observed where oxonium ions occurred as intermediates, namely on treatment
of 400 80 _diindo-2,6-dioxa-adamantane (5: 2.1.2.1.) and N(6)-phenylsulfonyl-
4N®) gN(©)_djiodo-2-0xa-6-aza-adamantane (47: 2.1.5.2.) with silver acetate in acetic
acid, see G 36 ~ G 38 (oxonium ion) = G 39 (adamantane) + G 40 (isotwistane);

G 39~ G 41 (oxonium ion) ~ G 42 (adamantane) + G 43 (isotwistane); G 40 —~

G 49 (oxonium ion) > G 50 (isotwistane) + G 51 (twistane).

AcO. AcO,

‘ " .
g 2
? ' 10.0% 7Y 0?
. e
Y 4 R 10

R! OAc
Y6  R! R2 Y(7) R Y(7)
0 I 1 242 0 I 243 0
o) OAc 1 23 0 OAc 245 NR
0 OAc OAc 244 NR 1
NR 1 I 78 NR OAc
NR OAc I
NR OAc OAc R =80,CgHs
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To obtain an equal turnover,the following reaction conditions had to be applied:

16 hrs at 95° with the 2,6-dioxa-adamantane 5 and 230 hrs at 70—75° with the 2-oxa-
6-aza-adamantane 47. The product distributions are listed in Table 2. It is remarkable
that in no case the intermediate iodo-acetoxy-isotwistanes 242 and 244, tesp., could
neither be isolated nor even be observed. The subsequent reactions to 23 + 243 and
78 + 245, resp., are obviously faster than the formation of 242 from 5 and 244 from
47. This is in agreement with the result that on the one hand 10°-jodo-2,7-dioxa-
isotwistane (125), i.e. a corresponding compound without an acetoxy group at C(4),
on treatment with silver acetate in acetic acid shows complete interconversion already
“at room temperature (see 3.2.3.) and on the other hand that by analogous treatment
of the 10N.iodo-2-oxa-7-aza-isotwistane 169 after 3 hrs at 60° already no starting
material was left (see 3.2.3.).

3.2.3. Starting Material: 2,7-Dihetero-isotwistanes

Isotwistanes of the general types G 37 and G 44 with two leaving groups R! and R?
[at C@)Y? and C(10)Y™ or vice versa] as well as G 47 with one leaving group
R2.C(4)Y™ and one substituent R3-C(10)Y( have not yet been used as starting
materials. However, neighboring group participation of the heteroatom X(2) was
studied stafting from several isotwistanes of the type G 44 with only one leaving
group R1-C(10)Y™ (R? = H), see G 44 > G 46 (onium ion) - G 47 (isotwistane) +
G 48 (twistane). The ratio of substitution without skeletal rearrangement (G 47) to
substitution together with rearrangement (G 48) varies predominantly with the na-
ture of the heteroatoms X(2) and Y(7) and only to a smaller extent also with the
attacking nucleophile and the applied solvent applying comparable reaction tempera-
tures. The results of the reactions of 10Y (P-substituted isotwistanes (leaving group
R! =17, Br, CI, OH, OTs) are listed in Table 3. The highest yields (approx. 50%) in
rearrangement products were obtained from isotwistanes with X(2) = O and Y(7) =
O. The observed decrease of rearrangement can be summarized by the following se-
quences:

for X(2) =0: Y(7) =0>NCO,C,Hs >SS

for X(2) = S: Y(7) =O>NCH; >S

for X(2)=NR: Y(7) =0>S

for Y(7) = O; X(2) =O>NCH; > S

for Y(7)=S: X(2) =O>NCH3 >S
forY(7)=NR: X(2) =0>S

Isotwistanes of the type G 40 [leaving group R2-C(10)Y,R3.C(4)¥" = sub-

stituent], although they are intermediates in the reactions of adamantanes G 36, are
immediately further transformed under the applied reaction conditions: - G 49
(onium ion) - G 50 (isotwistane) + G 51 (twistane) (see 3.2.2.2.). In isolated form
such compounds G 40 have not yet been used as starting materials.

3.2.4. Starting Material: 2,7-Dihetero-twistanes

Analogously to the isotwistanes (see 3.2.3.) twistanes with only one leaving group
R!.C(10)¥ (R? = H, type G 45)P were subjects for studies of neighboring group
participation. The results are listed in Table 4.
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Of special importance are the results of the LiAlH,- and LiAlID,-reductions of
the tosylates 268 and 270. The product-ratios of isotwistane to twistane /28 to
212=1.6:1and 148t0289=28 : 1, resp., are exactly the same as the ones obtained
starting from the isotwistanes 267 and 269 (see 3.2.3.). This proves the existence of
a common intermediate, an oxonium ion of the general type G 46. A further hint
for its being an intermediate gave the stereospecific deuterium incorporation
D-C(10)Y™ in the LiAlID,-reduction products of 268 and 270. Mixtures of 290 and
291 (1,6 : 1) and 292 and 293 (2.8 : 1), resp., were obtained, each with 99% d, , again
the same results as starting from the corresponding isotwistanes 267 and 269 (se€
3.2.3).

The pyrolysis experiments with the twistanes 25 7% and 266 reflect the relative
stabilities of twistanes and isotwistanes, the latter being strongly favored.

An interesting reaction is the addition of water to the twistane 302. The obtained
product, exclusively 10N(-hydroxy-2-thia-7-aza-isotwistane (278), proved the ex-
pectation to be correct that sulfur will predominate over nitrogen in neighboring
group participation, Furthermore, experiments with D,SO, in D,0 allowed a dif-

H,CN ¢ — H3CN7\/ 1052
HO—
RZ 'Rl R? ‘Rl
Rl R2 Rl R2
G52 D H 304 D H
G53 H 5} 305 H D

ferentiation between the two possible pathways involving either the episulfonium
ion G 52 (= 304) or G 53 (- 305). The C(9)"-deuterated alcohol 305 was the
sole product after exchange of DO-C(10) to HO-C(10).

3.3. The Sole (R!) or Both (R! and R?) Leaving Groups Anti to Y
3.3.1. Starting Material: 2,6-Dihetero-adamantanes

For symmetry reasons adamantanes with the sole (R!) or both (R! and R?) leaving
groups anti to the heteroatom Y(6) were classified and therefore already discussed
in 3.2.2. as compounds of the general type G 36 (exchange of the two heteroatoms).

3.3.2. Starting Material: 2,7-Dihetero-isotwistanes and -twistanes as Wel{ as
2,8-Dihetero-homotwistbrendanes

With respect to the orientation of the leaving group no isotwistanes, twistanes and
homotwistbrendanes (see 3.1.) are known so far as having both leaving groups anti
to the heteroatom Y, which could exhibit neighboring group participation.

56



Dihetero-tricyclodecanes
3.4. One Leaving Group (R!) Anti to X(2), the Other (R%) Antito Y
3.4.1. Introduction

Compounds with one leaving group (R!) anti to X(2) and a second (R?) anti to Y% .
like adamantanes G 54 [R*-C(4)Y(®), R? _C(8)X?}, isotwistanes G 55 [R! -C(4)¥",
R? -C(10)X®)] and homotwistbrendanes G 56 [R! -C(4)Y®, R? -C(6)*@ | have
‘two possibilities for neighboring group participation either involving X(2) or Y (see;
the general scheme??). '
Using an identical nucleophile (R*® = R*®) the disubstituted products G 73"
and G 77 (adamantane), G 74 and G 79 [isotwistane: X(2), Y(7)],G 75 and G 78
[isotwistane: Y(2), X(7)] as well as G 76 and G 80 (homotwistbrendane) are identical,
too. So far, only adamantanes (G 54) and isotwistanes (G 55) as starting materials
‘have been the subject of studies.

3.4.2. Starting Material: 2,6-Dihetero-adamantanes

Table S summarizes the results of the treatment of 4°® 8°®) _giiodo-2,6-dioxa-ada-
mantane (6) with silver acetate in acetic acid. Because of the identity of X(2) and
Y(6), in 8 compounds of the general types G 63 and G 61 (corresponding onium ions
G 58 and G 57, resp.), in 304 such of the types G 64 and G 62 (corresponding onium
ions G 58 and G 57, resp.), in 10 such of G 77 and G 73 (corresponding onium ions
G 71 and G 69, resp.), in 306 such of G 80 and G 76(corresponding onium ions G 72
and G 70, resp.) as well as in 305 even such of G 78, G 75, G 79 and G 74 (corre-
sponding onium ions G 71, G 70, G 72 and G 69, resp.) are identical.

The product distributions, especially the almost equal amount of 304 obtained
under both reaction conditions applied, indicate that the diacetoxy-isotwistane 305
was predominantly formed through the iodo-acetoxy-adamantane 8 because of the
obviously smaller reactivity of the 10°®.jodo-isotwistane 304. It has to be noted
that a homotwistbrendane 306 could not be detected.

A further example was the reaction of N(6)-phenylsulfonyl—4N(6),80(2)-diiodo-
2-0xa-6-aza-adamantane (50) with silver acetate (Table 6). The 4N acetoxy-803).

Table 525)
Starting Reaction Products [%]
material conditions
6 8 304 10 305
———  —
6 1 mol-equ. AgOAc 28 14.5 22 18
48°h1's
70
6 4 mol-equ. AgOAc L5 - 18 71
15 hrs 21:79)

95°
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6
4
Rl
Y(6) R! R?
6 0 I I
8 0 OAc 1
10 0 OAc OAc
50 NR3 1 I
51 NR3 1 OAc
52 NR3 OAc 1
53 NR3 OAc OAc

304
305
307
308

Y(7)

NR3
NR3

Dihetero-tricyclodecanes

AcO QAC
6 '4
—_— BY 02
R Y(7)
1 306 0
OAc 309 NR3
I
OAc
R3 = S0,C¢H;

iodo-adamantane 52 could neither be isolated nor detected. The results demonstrate
that in the adamantane 50, I-C(8)°®[anti to N(6)] is much more reactive than
I-C(9N® [anti to O(2)] (ratio approx. 8 : 1). On the other hand comparing the
product distributions after 4 and 89 hrs indicate that the jodine 1-C(4)N® [anti to
0O(2)] in the iodo-acetoxy-adamantane 51 is more reactive than I—C(IO)O(z) [anti
to N(7)] in the iodo-acetoxy-isotwistane 307. This follows that the diacetates 53

Table 6>
Starting Reaction Products [%]
material conditions 50 52 307 51 53 308
50 excess AgOAc - - 10 77 - -
4 hrs
70°
50 excess AgOAc - - 7 50 20 10
89 hrs
70°

- (adamantane) and 308 (isotwistane) are predominantly obtained from 51. Therefore
the reactions involving onium ions correspond to G 54 (adamantane) - G 58 (oxo-
nium ion) = G 64 (isotwistane) > G 72 (onium ion) - G 79 (isotwistane) and to

G 61 (adamantane) - G 69 (oxonium ion) = G 73 (adamantane) + G 74 (isotwistane).
However, because of R3 = R?, G 74 and G 79 can not be differentiated, they are
identical. As in the above case of the dioxa-compounds no homotwistbrendane 309
could be detected.
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3.4.3. Starting Material: 2,7-Dihetero-isotwistanes

Neighboring group participation of Y(7) in isotwistanes was studied on several com-
pounds of the type G 55 with only one leaving group R? ~C(10)x(2) (R! = H). The
results are summarized in Table 7. Two types of products can be formed: isotwistanes
G 65 and homotwistbrendanes G 66. Only in the dioxa-series compounds of the
latter type G 66 could be found. Treatment of 10° -iodo-2,7-dioxa-isotwistane
(127) with silver acetate yielded 8% of 60(2)-acetoxy-2,8-dioxa-homotwistbrendqné
(311)9, the main product (92%) being the isotwistane-acetate 310. In all other exam-
ples with only one or no oxygen bridge no homotwistbrendanes G 66 could be ob-
iserved.

322
\
el (s —» O §®  —= 256
-
G81 G82

323

Special attention should be paid to the result obtained by treating 105@.jodo-
2-thia-7-oxa-isotwistane (322) with silver acetate. The corresponding acetoxy-iso-
twistane 323 was the main product, however, the 100(7)-acetoxy-2-thia~7-oxa-iso;-
twistane (256) was also formed, the ratio of the products being approx. 3.5 : 1. This
clearly proves that the primarily formed oxonium ion G 81 was partially converted
to the isomeric episulfonium ion G 82 in competition with the attack of the external
nucleophile?”.

4. Syntheses: Further Transformations and Derivatives of
Dihetero-tricyclodecanes

4.1. Introduction

Starting from dihetero-tricyclodecanes described in the Sections 2. and 3. of the types
of adamantane (G 1), isotwistane (G 2), twistane (G 3) and homotwistbrendane (G 4),
which in their turn were prepared either by cyclization of suitable 9-heterobicyclo-
[3.3.1]-and 9-heterobicyclo[4.2.1 nonanes or by substitution without or together
with rearrangement of already available dihetero-tricyclodecanes, several further de-
rivatives have been synthesized.

4.2. 2,6-Dihetero-adamantanes

All the known derivatives of 2,6-dihetero-adamantanes have already been described
in the Sections 2.1., 3.2.2., 3.3.1. and 3.4.2.

61



C. Ganter

4.3. 2,7-Dihetero-isotwistanes

4.3.1. 2,7-Dioxa-isotwistanes*S> 59

Base-hydrolysis of the 1 09 .acetoxy-isotwistane 246 (3.2.3.) yielded the correspond-
ing alcohol 737, which was also characterized as its tosylate 267 (3.2.3.). The azide
287 (3.2.3.) was catalytically reduced (H, /raney-nickel) to the 10°"-amino-iso-
twistane 330. Oxidation of the isotwistanol 137 with Jones-reagent gave the ketone
331, which was transformed via desulfuration with raney-nickel of the corresponding
thioketal 332 to unsubstituted 2,7-dioxa-isotwistane (128, see also 2.2.2.1.).

R
2 7, 02

70\( 1002 —= 0. < 0? ===* 0 S 0
R

R R R
246 OAc 331 o] 310 OAc
137 OH S 333 OH
267 OTs 332 | 334 OTs
287 N3 §
330 NH3 128 Hj

Base-hydrolysis of the 10°® acetoxy-isotwistane 310 (3.4.3.) gave the alcohol
333, which was also obtained as sole product in a 99% yield by LiAlH,-reduction
of the ketone 331. LiAlH,-treatment of the tosylate 334, prepared from the alcohol
310, yielded only alcohol 310 again and no unsubstituted 2,7-dioxa-isotwistane (128).
Obviously the cleavage of the bond between O—C(10)®® and S—OC(IO)OQ) is
preferred over the formation of an oxonium ion G 59. This result, compared with
the exclusive formation of an oxonium ion G 46 (no reaction to the alcohol 137)
in the analogous treatment of the 100(7)-tosylate 267(3.2.3.), is a qualitative mea-
sure for the differences of the tendencies for the formation of the oxonium ions
G 46 and G 59, starting from C(10)°")- and C(10)°®-substituted isotwistanes®®.
In agreement with that is the observed difference in reactivity of the iodides 125
and 127 when treated with silver acetate: the 10°(7-jodide 125 reacts already at,
room temperature (= 246 + 247, 3.2.3.), whereas the 10°®)jodide 727 only at I%ﬂux
temperature (= 310 + 311, 3.4.3.). These differences may be caused by the differ}er:lt
ring strains in the two oxonium ions G 46 and G 59. G 46 contains beside the new
three-membered ring (C1) ~O(2) ~C( 10)™ an additional six-membered ring C(le—-
0(2) -C(3) -C(4) -C(5) -C(6), whereas G 59 contains beside the new three-meth-
bered ring C(6) -O(7) -C(10)™ only a five-membered ring C(10) -O(7) -C(8) -C(9) -
C(1)™. o
4.3.2. 2-Oxa-7-thia-isotwistanes®3 3%
Base-hydrolysis of 103 -acetoxy-isotwistane 248 (3.2.3.) yielded the corresponding
alcohol 335, which was transformed into the tosylate 269 (see also 3.2.3.). The al-
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cohol 335 was oxidized with CrO3/pyridine to the ketone 336 (72%), which by
Wolff-Kishner-reduction yielded unsubstituted 2-oxa-7-thia-isotwistane (/48, see
among others 2.2.3.1.).

Base-hydrolysis of the 109 .acetoxy-isotwistane 312 (3.4.3.) gave the corre-
sponding alcohol 317, which could be oxidized by CrO;/pyridine to the ketone 336
(85%). LiAlH,-reduction of the latter led to a mixture of the two C(10)-epimeric.
alcohols 335 and 317 (ratio approx. 4 : 1).

6]
Y PN
7 2 N
oINS P N 7 NS ©
R R R
1 1
R R R
338 OAc 248 QAc ——— 250 OAc
337 OH «————— 335 OH
269 OTs
155 Hl «———— 144  Hgl
O = S 02 —_— S 0
4 R 10 O’/
1
R R R
336 0 312 OAc 339 OAc
148 H, 317 OH 340 H

148 H

Some 10-substituted 2-oxa-7-thia-isotwistanes were oxidized with one equivalent
.of hydrogen peroxide in acetic acid for chemical correlations. In each case stereo-
specifically>® only one of the two possible S(7)-epimeric sulfoxides was formed.
The 105 .acetate 248 and 1057 -iodide 147 gave the corresponding sulfoxides 250
and 164 with S(7)°®-configuration®®, whereas the 105”-alcohol 335 and the
105 jodomercuri compound 144 led to the sulfoxides 337 (also characterized as
its acetate 338) and 155 with S(7)C(D-configurationbb). On the other hand, oxida-
tion of the sterically unhindered 10°.acetate 312 as well as of the unsubstituted
2-oxa-7-thia-isotwistane (148) yielded the sulfoxides 339 and 340 also with (7).
configuration®,

4.3.3. 2-Oxa-7-aza-isotwistanes

All the derivatives known are described in the Sections 2.2.4. and 3.
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4.3.4, 2-Thia-7-oxa-isotwistanes> ")
o7
10 O -Isotwistanol 273 (3.2.3.) was oxidized with pyridine-SO3/dimethyl sulfoxide .

to the ketone 347 (60%). NaBH,-reduction in 1,2-dimethoxyethane yielded exclu-
sively the 105@-alcohol 342, which was acetylated (- 323, see also 3.4.3.) and tosyl-

R
0 G2 — 7, 2 = 70 ~52
N9 1075 10
HO
273 341
R
342 OH
323 OAc
343 OTs
322 I

ated (— 343). The latter on LiAlH-treatment in refluxing dioxane yielded again the
corresponding alcohol 342 as did the analogous compound in the 2,7-dioxa-series
(334 —~ 333: 4.3.1.). Reaction of the tosylate 343 with magnesium iodide in ether
at 80° in a sealed tube gave the 105 -jodide 322, starting material for studies of
neighboring group participation (see 3.4.3.).

4.35. 2,7-Dithia-isotwistanes®”> 2%

Collin’s-oxidation of the 10%.isotwistanol 275 (3.2.3.) yielded ketone 344, which
on LiAlH,-reduction gave exclusively the 105®)-jsotwistanol 328 (87%), the starting
material for the reaction with thionylchloride (- 325: 3.4.3.)%7.

An interesting result was obtained in the oxidation of 275 with one equivalent
of hydrogen peroxide. Although the main product (60%) was the S(Z)C(g)-sulfoxidéggb

OH
'IS S2 — 7S 2 7S -Sz
\( Y 10 0 10
RO
R 344 328
275 H
262 Ac

7§ o + 78 52
RO\/ "o O‘I/{OY
1
R 347
345 H
346 Ac
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:345 (attack from the most unhindered side) still 19% of the (7)™ -oxide® 347
‘was isolated, whereas analogous oxidation of the corresponding acetate 262 yieldlad
‘almost exclusively the S(2))sulfoxides® 34629,

4.3.6. 2-Thia-7-aza-isotwistanes

All 2-thia-7-aza-isotwistanes were prepared from the 108M_alcohol 278 (3.2.3),
which was obtained by addition of water to the twistane 302 (3.2.4.).

4.3.7. 2-Aza-7-oxa-isotwistanes

All the derivatives known are described in the Sections 2.2.7., 3.2.3. and 3.2.4.

4.3.8. 2-Aza-7-thia-isotwistanes®®

The 105(7-acetates 206 and 207 (2.2.8.1.) were the starting materials for most of the
derivatives prepared. Treatment of the N(2)-methyl-compound 206 with dimethyl

S INR! 8 R?
o oA

R! R2 R
206 CHj OAc 350 CHj
285 CHj OH 351 H
207 H OAc 352 C02C2H5
282 H OH

348 COz C2 H 5 OAc
349 CO,C,Hs  OH

sulfoxide at 130° yielded 46% of the oxidation product ketone 350 and 22% of the
alcohol 285. The latter, which was used as starting material for reactions involving
neighboring group participation (see 3.2.3.), was also obtained quantitatively by base-
hydrolysis of the acetate 206.

Because of low stability and difficulties in separation from dimethyl sulfoxide
after its preparation, the crude sec. amine 207 was immediately treated with ethyl
chloroformate yielding N(2)-ethoxycarbonyl-isotwistane-acetate 348 [which could
also be prepared from 206 (98%)] and some Ketone 352. The latter most probably
was obtained from the ketone 357, which in its turn was formed by oxidation of
207 with dimethyl sulfoxide. Base-hydrolysis of the acetate 348 gave the alcohol
349 (98%), which could also be obtained from the N(2)-methyl-isotwistanol 285 by

. reaction with ethyl chioroformate (87%). Treatment of the crude reaction mixture
of the preparation of HN(2)-isotwistane-acetate 207 (2.2.8.1.) with a potassium car-
bonate-solution resulted in the formation of the alcohol 282, which could also be
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prepared by cleavage of the N(2)-ethoxycarbonyl-isotwistanol 349 in 48% HBr/H,0O-
solution (94%). 282 was also used as starting material for further reactions (see 3.2.3.).
4.4. 2,7-Dihetero-twistanes”

4.4.1. 2,7-Dioxa-twistanes?3 45, 50, 61)

Base-hydrolysis of the 100(7)-acetoxy-twistane 247 (3.2.3.) yielded the corresponding

alcohol 353, which was transformed to its tosylate 268 (3.2.3.) and mesylate 354.
Both compounds on treatment with potassium t-butoxide in dimethyl sulfoxide were

10 0 === 10 0! —> 0 02
10 N
R 10 R 10 ‘NHZ
350
R R
247 OAc 356 O
353 OH s
268  OTs 357 g
354  OMs 22 Hy
288 N3 358 NOH
355 NH,
70 02 70 02
10 4 O
331 360

easily converted to the twistene 360 (80%), which was the first example of a hetero-
twistene (pure carbocyclic twistene had already been synthesized ear]jerso)). Catalytic
hydrogenation (H, /Pt or Pd, C) of the twistene 360 gave quantitatively 2,7-dioxa-
twistane (212) (2.3.2.1.). Treatment of the tosylate 268 in dimethyl sulfoxide alone,
however, yielded no twistene 360, but the rearranged isotwistanone 337 (4.3.1.). The
alcohol 353 was also oxidized with Jones-reagent to the ketone 356, which by desul-
furation with raney-nickel of the corresponding thioketal 357 yielded again unsub-
stituted 2,7-dioxa-twistane (212).
10-Amino-twistanes as further derivatives were prepared in the following ways:;

catalytic reduction (H,/raney-nickel) of the 10°(7.azide 288 (3.2.3.) gave the primlary

10°.amino-twistane 355. A separable mixture of the two C(10)-epimeric amm?-
twistanes 355 (10°-amine) and 359 (10°®-amine) (ratio 43 : 57) was obtained
by catalytic reduction (H,/raney-nickel) of the oxime 358, which was prepared fﬂox{n
the ketone 356.
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2,7-Dioxa-twista-4 9-diene (363), which still represents the first heterocyclic
twistadiene prepared thus far (meanwhile also pure carbocyclic twistadiene has béen
‘»synthesizedm)) was easily accessible using the diacetate 243 (3.2.2.2.) as starting .
-material. LiAlH,-reduction yielded the diol 361 (90%), which was transformed to
its dimesylate 362 (85%). Treatment of the latter for 3 days at room temperaturel
with t-BuOK in dimethyl sulfoxide gave 70% of 2,7-dioxa-twista-4,9-diene (363),
which was catalytically reduced (H;/Pd, C) to the twistane 212 (85%).

RO
“va -
70 02 — 70 02 — 70 02
e g -
RO
363 212
R
243 Ac
361 H
362 Ms

4.4.2. 2-Oxa-7-thia-twistanes>> 59

Base-hydrolysis of the 105 _acetoxy-twistane 249 (3.2.3.) yielded the alcohol 364,
which on the one hand was converted to the tosylate 270 (starting material for reac-
tions discussed in 3.2.3.) and on the other hand oxidized (CrO3/pyridine) to the

— 178
7q 0?2 —— IS 02
\
1o oxp HS..
4
5
R R 190
249 Ac 365 (0]
364 H 289 H,
270 Ts '
4
0\ N
S2 0 25y
10
OAc
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ketone 365. Treatment of the latter under Wolff-Kishner conditions led to a mixture
(approx. 65%) of endo-2-mercapto-9-oxabicyclo[3.3.1]non-6-ene (I 78) and -non-7-
ene (/90) in a ratio of approx. 1 : 5 and only traces (1—2%) of unsubstituted 2-0);:14
7-thia-twistane (289: 3.2.3.). Oxidation of the acetate 249 with one equivalent of °
hydrogen peroxide gave the S(7)°™ sulfoxide®™ 251 (3.2.3.).

4.4.3. 2-Oxa-7-aza-twistanes (correct name) or 2-Aza-7-oxa-twistanes, Resp.? 35 58)

Most of the derivatives have already been described in the Sections 2.3.3., 3.2.2.2.,
3.2.3. and 3.2.4. It has to be added that both bromo-compounds 2299 and 2309 -
(2.3.3.2.) were easily converted to the corresponding twistenes 366 (83%) and 367

0 INR — 20 TNR RINZ 0?
. = 10
10 BI‘ RZO
R R R! R2
229 H 366 H 255 C0,CoHs  Ac
230 CH;3 367 CH3 368 CH3 H
369 CH3 Ac

(86%), resp., on treatment with t-BuOK in tetrahydrofuran and that‘LiAl‘H4 -reduc-
tion of the N(7)-ethoxycarbonyl-acetate 255 (3.2.3.) led to the N(7)-methyl-alcohol
368, which was also characterized as its acetate 369.

4.4.4. 2-Thia-7-aza-twistanes (correct name) or 2-Aza-7-thia-twistanes, Resp.t) 58)

One of the most suitable starting materials for the preparation of further derivatives
of 2-aza-7-thia-twistanes® is the 10N®.bromide 234 (2.3.4.). Oxidation with one
equivalent of hydrogen peroxide gave a mixture of the two sulfoxides 238 (19%)

and 372 (38%). The former was identical with the one obtained by cyclization of

the bicyclic compound 237 (2.3.4.). This allows conclusive assignment of the orienta-
tion of the oxygen atoms in the two sulfoxides 238 and 372.

Treatment of the bromide 234 with t-BuOK in dimethyl sulfoxide yielded 65%,
with t-BuOK in tetrahydrofuran even 81% of the twistene 302, a starting matenal
for the synthesis of 2-thia-7-aza-isotwistanes (3.2.4.).

Reaction of the bromide 234 with_thionylchloride led to the corresponding chlo-
ride 235 (76%) (2.3.4.). Both halides 234 and 235 with silver acetate in acetic acid
yielded the acetate 370 (58% and 75%, resp.), which on treatment in methanolic :
KOH-solution gave the alcohol 236 (2.3.4.). The latter can also be obtained directly
(80%) by warming a solution of the bromide 234 in 20% aqu. sulfuric acid.

Treatment of the bromide 234 with silver tosylate yielded the tosylate 371 (71%),
which can also be prepared from the alcohol 236. '
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78 INCH, —= 87 ™ INCH, + 7S 3NCH,
O/
10 1o {0
R Br Br
238 372
R
234 Br
235«
23%  OH
370  OAc
371 OTs
7 INCH, 7S INCH; — 7S INCH,
p— 10 10
RO
302 373 R
301 H
266  Ac

The ketone 373 was synthesized from three different starting materials. Reaction,
of the bromide 234 or the chloride 235 with silver tetrafluoroborate in dimethyl,
sulfoxide at 70° gave the ketone 373 in 79% and 75% yield, resp. In both cases alsoj
:alcohol 236 was formed as by-product (8% and 20%, resp.). Oxidation of the alcqh«i)l
236 with CrO;/pyridine gave in moderate yield the ketone 373, too. The latter whs;
reduced by LiAlH, to a mixture of the two C(10)-epimeric alcohols: 70% of the |
103 _alcohol 301 (3.2.4.) [also characterized as its acetate 266 (3.2.3.)] and 21%
of the 10¥®-alcohol 236.

4.5. 2,8-Dihetero-homotwistbrendanes®

45.1. 2,8-Dioxa-homotwistbrendanes®®

Oxidation of the alcohol 374, obtained by base-hydrolysis of the acetate 377 (3.4.3.),
with Jones-reagent yielded the ketone 375. Unsubstituted 2,8-dioxa-homotwistbren- -
dane (377) was prepared by converting the ketone 375 to its thioketal 376, which

on reductive desulfuration with raney-nickel gave 377. The enolacetate 378 was
available by reaction of the ketone 375 with triphenylethyllithium as base followed
by addition of acetic anhydride. Under acidic conditions only decomposition could
be observed and with pyridine as base no reaction took place.
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OR
6 Ry Ac Z
—_— —_— 6
8, O’Z 80 2 80 02
378
R R

311 Ac 375 (8]

374 H S
376 s ]
377 Hj

4.6. Optically Active 2,7-dioxa-isotwistane, -twistane and -twista—4,9-dienehh)

4.6.1. 2,7-Diuxa-isotwistane and -twistane4?: 51)

(—)-endo-2-Hydroxy-9-oxabicyclo[3.3.1non-6-ene (379) was the starting material

of choice. Fractional crystallization of the diastereomeric esters (—)-381 and (+)-382,
obtained from the racemic alcohol (2)-119 [(—)-379 + (+)-380]*% 0- 69 by treat-
ment with (—)-camphanic acid chloride?, and subsequent LiAlH,4-reduction of the
(—)-ester 381 gave the (—)-alcohol 379 ([a]p = —91 * 3°). Its optical purity, checked
by the ' F—NMR-spectroscopic method of Dale, Dull and Mosher®®, was > 99%.
Analogous reduction of the (+)-ester 382 gave the (+)-alcohol 380 ([a]p = +80 £ 2.5°)
of some less optical purity.

R
379 H[@)-119] 380 $--OR
381 382 &
70 02
< @ oS
R
388 [(£)-212]
R R
383 I [(£)—125] 386 OTs  [()-268]
384 OTs  [(2)-267] 387 H [(+)-212]
385 H [(£)—128)
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The subsequently applied synthetic scheme was analogous to the one for the
corresponding racemic compounds (see 2.2.2.1., 3.2.3. and 3.2.4.). Treatment of
the (—)-alcohol 379 with iodine in chloroform yielded the (—)-10°-iodide 383
as sole product. Its reaction with silver tosylate in acetonitrile led to a mixture of
l00(7)-tosyloxy-isotwistane 384 and -twistane 386, which was directly treated with
LiAlH, in refluxing dioxane to give a mixture, easily separable by vpc., of (-)-2,7-
dioxa-isotwistane (385: [a]p = —23.3 + 0.7°) and ( -)-2,7-dioxa-twistane (387, see
Table 8). The absolute configuration of 387 [(—)-(1R, 3R, 6R, 8R), right-handed
helix (P)] and of all other compounds involved in its synthesis was determined by
chemical correlation with (—)-(2S)-malic acid (389). As relais compounds served the
endo-2-hydroxy-9-oxabicyclo[3.3.1]nonanes (+)-390 and (—)-391, (+)-5-hydroxy-
«cyclooct-1-ene [(+)-392] and the 4-methoxy-suberic acid dimethylester (—)-393 and
(+)-394.

4.6.2. 2,7-Dioxa-twista-4,9-diene>

Treatment of racemic 40(7),100(7)-dihydroxy-2,7-dioxa-twistane ((2)-361 (4.4.1):
(—)-395 + (+)-396] with (—)-camphanic acid chloride®? in pyridine yielded a mixturé
of the two diastereomeric esters (—)-397 and (+)-398, which was separated by frac-
tional crystallization. Base-hydrolysis (1.1N K,COjz-solution) of (—)-397 gave diol
(-)395 ([adp = —138+5°) and of (+)-398 the diol (+)-396 ([a]p = +132%4°), each
‘in approx. 85—90% yield. :

RO, R RO
N4 —_— 4
395 H ((£)-361] 396
"0, o? 397 398 0 02
CcO
10° <10
RO RO
0
l 399 Ms [(£)—-362] 400 l
S —\4
0 0? 401 [(£)-363] 402 70 o?
P o

0 0? 387 {(x)-212) 388 0 0?
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In analogy to the synthesis of racemic 2,7-dioxa-twista-4,9-diene (363, 4.4.1.),
both enantiomeric dienes could be prepared: (—)-diol 395 — (—)-dimesylate 399
({alp = —92.5+4°) - (—)-diene 401 (see Table 8) and (+)-diol 396 > (+)-dimesylat
400 ([a]p = +93+5°) - (+)-diene 402 (see Table 8). '

Catalytic hydrogenation (H,/Pd, C) of the dienes (—)-401 and (+)-402 gave the
corresponding saturated 2,7-dioxa-twistanes (—)-387 (see Table 8) and (+)-388 (see:
Table 8), resp. These correlations on the one hand allowed the unequivocal assign-
ments of the absolute configuration to the dienes (—)-401 and (+)-402¥ and on thd
other hand give the information about their optical purity, which again is > 99%.

4.6.3. Summary

On the basis of chemical correlations Tichy®* was able to deduce the absolute con-
figuration of carbocyclic (+)-twistane (403) as (1R, 3R, 6R, 8R), left-handed helix .
(M). Compatrison of this result with the ones described in 4.6.1. and 4.6.2. demon-
strate, that carbocyclic twistane and 2,7-dioxa-twistane having the same sign of the .
optical rotation, possess the same helicity (see Table 8).

Table 8
Right-handed -
helicity o o 0 0
@®
401 387
~321.5+7°D —229:55°Y)  (4.6.1)
~225+ 8°ly (4.6.2)
-217+65°%) (4.6.1.)
Left-handed -
helicity
o) 0 0 0
M)
402 388 403
+326 +8° 1) +222:8°1) +434° 2) 84)
+414°2)85)
Iy cHOL3.
2) C,H50H.
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5. Structural Assignments

Structural assignments (constitutions and configurations.of substituents) are based
on chemical conversions to known compounds and on spectroscopical measurements,
mainly NMR. Not each single compound shall be discussed but rather some charac-
teristic examples and coherences.

5.1. Chemical Correlations

Conversions within the dihetero-tricyclodecane-series on the basis of which the same
or another skeleton can be assigned to the involved compounds have already been
described in the Sections 2., 3. and 4.

Chemical degradations to 9-heterobicyclo[3.3.1]nonanes allowed to assign the
structures to tricyclic compounds described in 5.1.1 and 5.1.2.

5.1.1. 4°® 89®).pihydroxy-2-oxa-6-thia-adamantane (25)%848)

Desulfuration of the diol 25 (2.1.3.) with raney-nickel led to exo,ex0-2,6-dihydroxy-
9-oxabicyclo[3.3.1]nonane (404) in approx. 75% yield. Jones-oxidation of the latter

OH R?

2 2 O=2
[, — »ede — Tk
< 0
6 \pa
et OH 3
25 407
R1 R? R3 R4
404 OH H OH H
405 H OH H OH
406 H OH OH H

gave the diketone 407, which was identical with the oxidation product of the endo,
endo-2,6-diol 405. The third possible epimeric diol 406 served as further compound
for comparisons.

5.1.2. 2-Oxa-7-thia-isotwistane (748), 105(7)-Hydroxy-21)xa-7-thia-isotwistane
(335) and 103(7)-Acetoxy-2-oxa-7-thia-twistane (249}

Treatment of unsubstituted 2-oxa-7-thia-isotwistane (/48: 2.2.3.1.) with raney—mpktel.
yielded 74% of 9-oxabicyclo[4.2.1]nonane (408)®®) and reductive desulfuration of
the alcohol 335 (4.3.2.) 85% of endo-2 hydroxy-9 -oxabicyclo[4.2.1 Jnonane (409)° 0)
‘Analogous reaction of the 105 acetoxy-twistane 249 (3.2.3.) with raney- -nickel;
however, led to endo-2-acetoxy-9-oxabicyclof3.3.1]nonane (410)°%.
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10, 2

R R
148 H 408 H
335 OH 409 OH
AcO-.2
<o
10
OAc
249 410

Together with the known structure of the bicyclic alcohol 739, used as starting
material for the above tricyclic compounds, and the position and configuration of
its hydroxy-group [HO—C(2)*"%°1, the 1,4-oxygen-bridge (deduced from 408 and
409) in the tricyclic compounds 148 and 335 and therefore in all with them chemi-
cally connected compounds, allows unequivocally the assignment of the isotwistane
skeleton to all these compounds. On the other hand, the twistane skeleton for the
tricyclic compound 249 follows from the 1,5-oxygen-bridge in 410 and the structure
of the starting material 139.

5.2. Spectroscopical Measurements
5.2.1. IR-Spectra

Between approx. 1200 and 800 cm™" all dihetero-tricyclodecanes show marked sharp
absorption bands. Comparing, e.g. the spectra of unsubstituted skeletal isomers, al- -
ready gives good hints for the assignment of a certain structure type because com-
pounds of higher symmetry exhibit less absorption bands than those of lower sym-
metry [e.g. 2,7-dioxa-twistane (212) and 2,7-dioxa-isotwistane (128), resp.].
Characteristic differences are also observed with skeleton-isomeric ketones of
the types of isotwistane (G 2), twistane (G 3) and homotwistbrendane (G 4) (see
Table 9). For a given combination of the two heteroatoms X and Y, twistanones -
absorb at highest wave numbers.

b.2.2. UV-Spectra
5.22.1. 10°7). and 10° 10do-2,7-dioxa-isotwistanes (125 and 127)59

100(7)-Iodo-2,7-dioxa-isotwistane (125) absorbs at longer wave-lengths [A ax =
260 nm (e = 570)] than the 10°®-iodide 127 [Amax = 257 nm (e = 515)], which
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Table 9
(613
Ty X % X? sy X2
10 0

10

0
Y X G2 G3Y G4 Refs.
0 0 331:1735%) 356: 17501) 375: 1720%) 50)
S 0 336: 17251) 365: 17471 - 53)
) S 341: 1721 - - 27)
S S 344: 1703/16951:3) — - 57)
S NCH; 750: 17082) 3739: 1727%) -~ 58)
1y In CHCl,,
2) In CQly.

3) Double absorption band.

can be the effect of a stronger interaction of the 10°™.jodine with O(7) than of
the 10°@.iodine with O(2). Such differences in interactions were already observed
in 9-oxabicyclononanyl-iodides, where the iodines are in anti (endo-configuration)
or syn (exo-<configuration) position to the bridge-oxygen®? ¢4 71 Exo-lodines

R? Rl R2
7 2 I
NP 125 1 H
R! 127 H I

{syn to O(9)] exhibit a quite rernarkable interaction with O(9). This is evidenced
in absorption maxima at longer wave-lengths, corresponding to less energetic n—>¢*
transitions of the iodo-compounds. The data are summarized in Table 10.

5222 1057 and 10°%2).jodides of 2-Oxa-7-thia-isotwistane and the Correspanding
Sulfoxides and Sulfones>3 59

Characteristic differences are observed in the UV.spectra of the sulfides /46 and 147,
the sulfoxides 156, 159 and 164 as well as the sulfones 162 and 163 according to’

the orientation of the iodines, either syn to O(2) [anti to S(7)] or syn to S(7) [anti

to O(2)]. The extinction coefficient of the iodine absorption (A,ax approx. 260 nm)
in 105.iodides is approx. 2.5-times bigger than the one in the corres onding 10°®)-
iodides (see Table 11). Furthermore, the e-values decrease in the 105("). as well as

in the 10°® jodides by the sequence: egyfide > Equtfoxide - Esulfone- MOreover, the
absolute values partly differ strongly from those of other iodo-compoundsi’).
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? ~O2 7S ‘02 ‘S7 ‘02 0,87 ‘02
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R! R! R! R!
1
Rl R2
H 1 146 156 159 162
I H 147 — 164 163

It is interesting to note that in the sulfoxides 756 and 159, but not in the one
of 164, absorption maxima occur (156: 229 nm, 159: 239 nm), which must be as-
signed to transitions of the unshared electron pair at the sulfur atom. Absorption
maxima at such short wave-lengths in S-oxides were among others also observed in
B-keto-sulfoxides®® and o, B-unsaturated sulfoxides®?. They are interpreted as
strong electronic interactions between a carbonyl group or a double bond with the
sulfoxide group. In accordance with that the UV-data of 7156 and 159 lead to the
conclusion that between the iodine and the sulfoxide group such interactions can also
arise. They seem, as shown by the different behaviour of 164, to be strongly depen-
dent on the relative spatial arrangement of the iodine and the sulfoxide group.

Table 11
Compound  Amax(e) Compound Amax(€)
1-C(10)°() 1-C(10)5
S(7) 146 264 (1820) 147 259 (744)
0-§(MCIbY) ;56 263 (sh)!) (1200), 229 (3750) -
0-S(7)C@ bb) ;59 258 (sh)!) (1115), 239 (1385) 164 263 (490)
0,5(7) 162 266 (610) 163 264 (246)

1y As the iodine absorption maxima of /56 and /59 are shoulders (sh), the noted maxima (263
and 258 nm, resp.) may deviate somewhat from the actual accurate values.

5.2 2.3. Isotwistan-10-ones of the Types of 2-Oxa-7-thia (336), 2-Thia-7-oxa (341)
and 2,7-Dithia (344) as Well as 2-Oxa-7-thia-twistan-10-one (365)%75%)

Keto-sulfides with the sulfur atom and the carbonyl group being separated by twa
saturated carbon atoms (7y-keto-sulfides) show UV-spectra which in principle corre-
spond to the sum of the spectra of the two isolated chromophores alkyl-sulfide
[Amax approx. 230—240 nm (e approx. 100—-200)] and carbonyl group [Aax 2pprox.
275-285 nm (e approx. 10—40)]°?. However, -keto-sulfides exhibit two charac.
teristic absorption maxima at approx. 245 nm and approx. 300 nm. The e-values of

the latter are in the order of 200—300°¢ 2°—3)_The UV-maxima (see Table 12) of

the isotwistanones 336 and 341 therefore are characteristic for f-keto-sulfides, the ones
of the twistanone 365, however, are in good agreement for a cyclic y-keto-sulfide.
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Table 12
7 0? 0 S? 7 S? S 0?
105%0 10 10550
10
(¢]
33659 3413 344 265%3)
Amax(€) 253 (340) 262.5 (670) 254 (385) 245 (375)
317 (250) 311 (389) 279 (590) 297 (30)
309 (sh) (420)
318 (435)

2,7-Dithia-isotwistan-10-one (344) actually represent a combination of the two §-
keto-sulfides 336 and 341. Its UV-spectrum indeed reflects this situation quite well
exhibiting four absorption maxima.

5.2.3. NMR-Spectra

Of the various spectroscopical methods NMR-spectroscopy was the one most strongly
applied and by consequence the most informative. :

5.23.1. 2,6-Dihetero-adamantaneskk)

5.2.3.1.1. Unsubstituted 2,6-Dihetero-adamantanes. In C-unsubstituted 2,6-dihetero-
adamantanes (G I) the four equivalent methylene groups H, —~C(4), H,—C(8),
H,—C(9) and H,—C(10) exhibit a single signal if X(2) = Y(6) but an AB-system

if X(2) # Y(6). The chemical shifts whose exact values are available are listed in
Table 13.

In the 2-oxa-6-aza-adamantanes 58 [H-N(6)], 60 [HsC,0,C-N(6)), 40
[H3C-N(6)], 57 [H5Cc0,S~N(6)] and 59 [HCO—N(6)] the signals of the hydrogen
atoms orientated towards Y(6) = NR [H—C(4)N®, H—C(8)N®) H-C(9)N® and
H—C(10)N®] all appear at higher field than the ones orientated towards X(2) =
0 [H—C(4)°P  H-(8)°® , H-C(9)°@ and H-C(10)°®]: Avpp = 0.1-0.25 ppm.
Just the opposite situation is observed in 2-thia-6-oxa-adamantane (28, see footnate
2) in Table 13) and in 2-thia-6-aza-adamantanes 100 [H=N(6)], 99 [HsC,0,C—N(6)]
and 98 [H3C—N(6)]. In these compounds the signals of the hydrogen atoms orien-
tated towards Y(6) = NR are all at lower field than those orientated toward X(2) =
S. Some shifts are quite remarkable. In general, by replacing O(2) by 5(2) the signal
for H—C(4)Y(® [or H-C(8)Y® or H—C(9)Y(® or H—C(10)¥®, resp. ] is clearly
‘more shifted (ASy)) to lower a field than the one (Adxy)) for H—C(4)*®
[or H—C(8)*® or H—C(9)*® or H—C( 10)X™ | resp.). This is especially the case in
6-aza-adamantanes, which show an almost constant value of —0.50 to —0.52 ppm
for AS Y(6)-
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5.2.3.1.2. 4 8-Disubstituted 2,6 Dihetero-adamantanes'” . The methylene groups
H,—C(9) and H,—C(10) in 4,8-disubstituted 2,6-dihetero-adamantanes appear gen-
erally independent of the nature of X and Y

as a single AB-system for G 83: R! =R?

: G 85:R! =R?
as two AB-systems for G 83: R! #R?
G 84: Rl #R?
R! =R?
G 85: R £ R?
2 R2
Rz, X2 8 X2 @(2
94 9
10 10 10
Y s Y4 6y ~FR!
R! R!
G83 G84 G85

In this section several characteristic NMR-data of 2-oxa-6-aza-adamantanes
[X(2) = O, Y(6) = NR] shall be discussed standing as typical examples for the rather
large number of 4,8-disubstituted 2,6-dihetero-adamantanes known so far.

In all the studied compounds of the type G 83 [X(2) = O, Y(6) = NSO,C¢Hs:
47—-49) or G 85 [X(2) = 0, Y(6) = NSO,C4Hs: 54—56) the in each case at lower
field appearing A-part of the AB-system belongs to the H-atoms, which are in 1,3-
diaxial position to the substituents at C(4) and C(8), i.e. H—C(9)Y® and
H-C(10)¥® in G 83 or H—C(9)X® and H—C(10)X® in G 85, resp, The H-atoms
H—C(9)X® and H-C(10)X® in G 83 or H—C(9)¥®) and H-C(10)¥Y® in G 85 be-
long to the at higher field appearing B-part. In these cases the A-part, compared to

G 86 11'9X>Js’9x
¥3,10X>J7 10X

G87J19Y <J5oY
T310Y <J7,10Y

HH

G88J19 X>110Y
J3,10X > J3,10Y

G 89 J5,9 X< Js,gY
c37,10X<J540Y
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the B-part, is always a signal with a smaller bandwidth at half height (w!/2) and with
a more distinctive line pattern. On the basis of spin, spin-decoupling experiments

it was possible to determine the particular vicinal coupling constants (J;.) bet-
ween the methylene H-atoms at C(9) and C(10) on the one hand and the bridge-
head H-atoms at C(1), C(3), C(5) and C(7) on the other hand, see G 86—G §9™™
Although the dihedral angles between the bridgehead and methylene H-atoms (on
the basis of the symmetry of the adamantane skeleton) are all approx. 60°, in
principle two different groups of vicinal coupling constants can be observed: one
with J approx. 1.5—2.5 Hz (characterized by the H-atoms connected through

— — — — lines) and another with J approx. 3.5—4.5 Hz (characterized by the
H-atoms connected by lines). This reflects the influence of the heteroatoms
X(2) [or Y(6), resp.] to reduce Jvic between a bridgehead H-atom geminal and a
methylene H-atom vicinal to X(2) [or Y(6), resp.]. The effect becomes larger if X(2)
[or Y(6), resp.] is arranged transcoplanar to the methylene H-atom (approx.
1.5-2.5 Hz) and smaller if the angle between X(2) [or Y(6), resp.] and the methy-
lene H-atom is approx. 60° (approx. 3.5—4.5 Hz)™™. The vicinal coupling constants
of diacetate 80 as an illustrative example are listed in Table 14.

Table 1436)

OAc
8 1 2
7 10_43
OAc
H3CNg s~
80
Group 1.5 — 2.5 Hz Group 3.5 — 4.5 Hz
Jl’gN(G) = J3,10N(6) =2 Jl ’90(2) = J3’100(2) =45
J1,8N(6) =T3 4N(6) = 1.5 J4N(6)5 =J; gN(6) =4

15,90(2) = J7’100(2) =2

Js’gN(6) = J7’10N(6) =3.5

From the data in Table 14 it further can be seen that the same is also caused by
the electronegative atoms O(2) and N(6) on the vicinal coupling constants between
the bridgehead H-atoms and the corresponding H-atoms H—C(4)N® and H-C(B)NO)
geminal to an acetoxy group, independent of the latter substituents.

Substitution of one or both iodine atoms by acetoxy groups in the 4,8-diiodo-
2-oxa-6-aza-adamantanes 47 (G 83), 54 (G 85) and 50 (G 84) effects characteristig
changes of the positions of the signals corresponding to the methylene H-atoms at,
C(9) and C(10). The results are summarized in the Tables 15—17.

Table 15: in 4Y¥®) 8N®)_gisubstituted compounds (type G 83) the signals for

H-C(10)N® or H—C(9)N®, resp.,

are shifted to higher field by 0.39 or 0.43 ppm,

resp., if the iodine atoms fixed in a 1,3-diaxial position to these H-atoms are replaced
by acetoxy groups (47 — 48 or 48 - 49), whereas the positions of the signals for
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Table 1835: 36)

1
HsC0,SN— £ R

RZ
Compound Rr! RZ  R® R* sy_c@)02) SH_C@)N(6)
a. 73 H OAc H H 491 -
52 H OAc 1 H 489 -
48 H OAc H 1 4.85 -
49 H OAc H  OAc 4.85 -

b.56 OAc H ©OAc H - 4.64
55 OAc H I H - 4.4-4.65
51 OAc H H 1 - 4.65

c. 50 H I I H  4.64 -

51 H I OAc H  4.65 -
47 H I H I 479 -
48 H 1 H  OAc 4.57 -

d.54 | H 1 H - 4.38
55 I H OAc H - 4.4-4.65
50 1 H H 1 - 4.64
52 1 H H OAc - 4.44

H—C(10)°® or H—C(9)°®, resp., remain almost unchanged (shifts: 0.04 or

0.06 ppm). It is interesting to note that by replacing 4N©.1 by 4N©).0Ac also the
methylene H-atoms H—C(9)°® and H-C(9)N® (0.13 and 0.17 ppm) and by re-
placing 8V©.I by 8N®.0A¢ the H—C(10)°®@ and H—C(10)N® (0.15 and 0.21 ppm)
are shifted to higher field.

Table 16: in contrast to the results in Table 15, in 40(2),80(2)-disubstituted
compounds (type G 85) replacement of an iodine atom by an acetoxy group
(54— 55 or 55 - 56) effects a shift to higher field not only of the methylene H-
atom in 1,3-diaxial position to the substituent [H—C(9)°® or H—C(10)°@, but
also of its geminal one [H—C(9)™(® or H—C(10)N®] (0.57 or 0.58 ppm and 0.35
or 0.35 ppm, resp.). The H-atoms of the other methylene groups, however, suffer
no remarkable shifts (0.03-0.07 ppm).

Table 17: in 4N(® 89 .djsubstituted compounds (type G 84) replacement of
an iodine atom by an acetoxy group (50 = 51 or 50 — 52) shifts the methylene
H-atom H—C(10)°® [or H—C(10)™®] in 1,3-diaxial position to R? (or to R?, resp.)
by approx. 0.6 ppm to higher field, whereas the other one H—C(10)N® [or
H-C(10)°@ ] suffers practically no change. In this case the influence of O(2) as
well as of the sulfonamide group H5Cg0,S—N(6) on H,—C(10) must either be very
small or approx. in the same orderP?).
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The chemical shifts of the H-atoms at C(4) [or C(8), resp.}], which are geminal
to an acetoxy group are neither substantially influenced by the nature nor the con-
figuration of the substituent at the opposite carbon C(8) [or C(4), resp.], see
Table 18, parts a and b. However, H-atoms geminal to an iodine atom are sometimes
shifted quite remarkably, see Table 18, parts ¢ and d.

From the data in Table 18, parts a and b, it can also be seen, that the configura-
tion of an acetoxy group at C(4) [or C(8), resp.] can be deduced on the basis of the
chemical shift of the H-atom geminal to it.

The signal of H-C(4)°® [or H-C(8)°®, resp.]in 4N® 8NO)_gjindide 47 (see
Table 18, part ¢) is clearly shifted to lower field (deshielding effect) than in the
other compounds. This might be caused by a hindered rotation of the sulfonamide
bond (N—S) resulting from the large iodine atoms orientated toward the sulfone

group.

5.2.3.2. 2 7-Dihetero-isotwistanes and -twistanes
5.2.3.2.1. Unsubstituted 2,7-Dihetero-isotwistanes and -twistanes

5.2.3.2.1.1. General Aspects. Whereas in unsubstituted isotwistanes (G 2) with X(2)
#Y(7) as well as with X(2) = Y(7) (C,-symmetry) the signals of the four bridgehead
H-atoms H-C(1), H-C(3), H-C(6) and H—C(8) a priori may have different chemical
shifts (see Table 19), the same H-atoms in unsubstituted twistanes (G 3) effect a
single signal with X(2) = Y(7) (D,-symmetry) or two signals with X(2) # Y(7) (C,-
symmetry) (see Table 20). By consequence the number of signals is a valuable stan-
dard for the differentiation between unsubstituted 2,7-dihetero-isotwistanes (G 2)
and -twistanes (G 3).

Furthermore, in isotwistanes (G 2) of the two H-atoms H—C(1) and H—C(3) on
one the hand and H—C(6) and H—C(8) on the other hand (in any case on the ones
or the others of the bridgeheads adjacent to a distinct heteroatom), in each case the
former one, i.e. H—C(1) and H—C(6), resp., appears at higher field than the other
one, ie. H—C(3) and H-C(8), resp.
5.23.21.2. 2,7-Dioxa-twistane (21 2}50), -twist-4-ene (360}61) and -twista-4,9-diene
(363)%V, The NMR-spectrum of 2,7-dioxa-twistane (212), which consists of two
multiplets at § = 1.5-2.3 ppm and § = 3.85 ppm in the ratio of 2: 1 corresponds to
the general type of an AA’A"A'"BB'B"B"'XX'X"X""-spectrum. The great difference
between the chemical shifts of the methylene H-atoms (AA’A”A"'BB'B"'B"’) and
the ones at the bridgeheads (XX'X"'X"") enable the simplification of the complex
spectrum by spin, spin-decoupling experiments to one of a typical AA'BB'-type,
symmetrical with the centre at § = 1.9 ppm (the spectra were recorded at 60 and
100 MHz). With the aid of the computer program LAOCOON II1, which is a modified
variation of the program LAOCOON II°7 | the chemical shift difference and the
coupling constants of the AA'BB’-part9? were determined (see Table 21). The para-
meters of the observed and calculated spectra were in good agreement™.

The spectrum of 2,7-dioxa-twist-4-ene (360) shows the following signals:
1.7-2.4/m, H,~C(9), H,—C(10) [typical AA'BB -spectrum on simultaneous irradiation
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Table 21

Chemical shift difference Coupling constants [Hz]

[Hz] J190(2),60(7)  J90(2),100(2) J90(2),100(7) J90(7),100(2)
Avap 3160(2),100(7) J90(7),160(7)
33.2+ 04 -13.5+0.3 +8.5+0.2 +7.3+£0.3 +0.9: 0.2

of the H—C(1) and H—C(8) nuclei in a double resonance experiment]; 3.64/d,
Jl,lO = J8,9 =24Hz (further splitting by Jl,6 = J3,8 =1.7Hz and J1,3 = J(,,s =
0.6 HZ), H—C(l) and H—C(S), 442/(1, Jl,6 = J3,8 =17 HZ, J3,4 = J5,6 =1.7 HZ,
J3,5 = J4,6 = 1.7 Hz (further splitting by J, 3 = J¢ g = 0.6 Hz), H-C(3) and H-C(6);
6.70/t,J3,4 =J5,6 =1.7Hz, J3 5 =J4 ¢ = 1.7 Hz, H-C(4) and H-C(5).

The NMR-spectrum of 2,7-dioxa-twista-4,9-diene (363) consists of two multiplets
at 4.24 [w'/2 approx. 6 Hz, H—C(1), H—C(3), H-C(6) and H—C(8)] and 6.61
[wY/2 approx. 6 Hz, H—C(4), H—C(5), H—C(9) and H—C(10)]. Both signals are
changed to singlets in double irradiation experiments.

5.2.3.2.2. C(10)-Substituted 2,7-Dihetero-isotwistanes and -twistanes”

5.2.3.2.2.1. 2,7-Dihetero-isotwistanes in General. NMR-data are a proper tool for the
assignment of the configuration of the substituents at C(10) in 2,7-dihetero-iso-
twistanes and -twistanes?. A not further split doublet with a coupling constant of
approx. 11—12 Hz at § approx. = 2.0 ppm is characteristic for a C(10)Y -substituted
isotwistane G 90. This signal of a single methylene H-atom clearly at lower field than
the remaining ones belongs to H-C(9)¥ (M The substituent at C(10) is arranged syn
to Y(7) [anti to X(2), resp.] and therefore in a quasi 1,3 diaxial relationship to
H-C(9)Y, which explains the strong deshielding effect on the latter. The cougling
constant of 11—12 Hz corresponds to the geminal coupling between H—C(9)Y('7

and H—C(9)X®, 3, ¥ and Jg Y™ both being practically zero*®). For an illus-
tration corresponding nmr.-data of 10°-substituted 2,7-dioxa-isotwistanes (G 90)
are listed in Table 22.

7Y 10X2 7Y
8
R
9 1

HY(7)

G90 G91

On the basis of model studies one could-expect that also in C( 10)X@_substituted
isotwistanes (G 91) a single methylene H-atom, namely H—C(S)x(z), will be strongly
deshielded and because of the special arrangement of its vicinal H-atoms H,—C(4)
and H—C(6), however, should show a more complex coupling pattern than only a
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Table 22

Compound R-C10)O(N s1_c9)0) J790(2), 90(7) Refs.
G 90 :

(X(2)=0,Y(N=0] [ppm} [Hz]

120 HgOAc 2.08 12 50)
121 HgBr 2.10 12 50)
122 Hgl 2.16 1 50)
123 HgNO3 - -1 50)
124 HgCl 1.99 11.5 50)
125 I 2.84 12 50)
126 Br 2.77 12 50)
137 OH 245 12 50)
138 OTHP 2.43and 246%) 11 48)
246 OAc 2.36 12 50)
267 OTs 2.38 12 50)
287 N3 2.37 12 50)
330 NH, 2.22 12 50)

1) Compound 123 has not been isolated.
2) Two doublets as a result of the two diastereomeric pairs of enantiomers.

doublet. Indeed, this can be observed in the NMR-spectra of 10X substituted
isotwistanes, where the deshielding effect of R—C(IO)X(z) is big enough to separate
the signal of H—C(5)*® from the multiplets of the methylene H-atoms H,—C(4)

and H,—~C(9). E.g. 10°®.jodo-2,7-dioxa-isotwistane [127 (G 91): X(2) =0, Y(7) =
O, R =1] the signal of H—C(5)°® appears at § = 2.55 ppm gvith the geminal cou-
pling constant J5°® ;O = 14 Hz and the vicinal ones J,°® ;0@ apd 7,0 O
each of 9 Hz'?). -

A further possibility of deducing the configuration of a substituent at C(10) in
2,7-dihetero-isotwistanes is given by the signal of H—C(10) itself. In C( IO)Y(7)-sub-
stituted compounds (G 90) the coupling constants between H—C(10)*® and the
neighboring vicinal H-atoms are approx. 4—5 Hz for J l’IOX(Z) and approx. 0.5-2 Hz
for] 6,10)((2)' However, in C(10)*®-substituted isotwistanes (G 91) the coupling
constants of H—C(10)Y” are approx. 1-3Hz for J UOY(7) and approx. 6 Hz for
J 6,10Y(7). The data of 10°().substituted 2,7-dioxa-isotwistanes [G90:X(2)=0,
Y(7) = O] are listed as examples in Table 23 and those of 10°®)substituted 2,7-
dioxa-isotwistanes [G 91: X(2) = O, Y(7) = O] in Table 24. Analogous data for 105("
and 10°® gubstituted 2-oxa-7-thia-isotwistanes [G 90 and G 91: X(2) =0, Y(7)=S]
are summarized in Table 25 (see 5.2.3.2.2.2.).

5.2.3.2.2.2. 2-Oxa-7-thig-isotwistanes as Well as Corresponding Sulfoxides and Sulfonas.
Applying the results of extensive studies (using the NMR-method) of the anisotropic
effects in sulfoxides by Foster e al.®®) (see also®®* 199)) the NMR-sepctra of 2-oxa-
7-thia-isotwistane S(7)-oxides were interpreted and in each case the configuration of
the sulfoxide group had been assigned. In Table 25 the NMR-data of comparable
2-oxa-7-thia-isotwistane-sulfides, -sulfoxides and -sulfones are listed. Each of the H-
atoms H—C(9)3>") and H—C(10)3 isin a quasi 1,3-syn-axial relationship to the
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Table 2359

Compound R-C(10)2(") bH-c10)0?)  J1,10002) J6,100(2)
G 90 [ppm] (Hz] [Hz]
120 HegOAc 2.58 4 2
121 HgBr 2.72 4 2
122 Hgl 2.79 4 2
124 HgCl 2.53 4 2
125 1 4.52 s <1
137 OH 3.65 4.5 <1
246 OAc 4.63 5 <1
287 N3 3.48 4.5 <1
330 NH, 2.711 5 <1

Table 2459)

Compound R-C(10)°(® sH—c(10)0(T)  T;,100(D Tg,100(T)
G 91 [ppm] (Hz] [Hz]

310 OAc 4.86 1 6.5

333 OH 3.76 <1 6

334 OTs 4.56 1 6

O-atom of the sulfoxide [S(7)C(')-oxidesbb)] or to the orbital of the free electron
pair at the sulfur atom [S(7)-oxides®™ ] and therefore becomes deshielded or
shielded, resp. Furthermore, the relative positions of the signals corresponding to the
H-atoms, which are vicinal to the sulfoxide group, i.e. H—C(6) and H—C(8) correlate
characteristically to the 0—S(7)-configuration: in sulfoxides with S(7)*M.configura-
tion in each case H—C(8) appears at lower field than H—C(6) (e.g. 156: éy_c() =
3.25 ppm, 8y—_c(s) = 3.90 ppm), however, in compounds with S(7)C(4)-configuration
the other way around (e.g. 159: §y_c() = 3.81 ppm, y_c(g) = 3.55 ppm).

In the multiplets of H-C(8) among others, a coupling constant in the order of
2 Hz (approx. 1-2.5 Hz) is observed. Spin,spin-decoupling experiments proved un-
equivocally that this is the result of a long-range coupling between H—C(6) and
H—C(8) (J,5), which is characteristic for a quasi *“‘planar M-arrangement” of an
(H—C—Z—C—H)-group (Z = C, 0, S), see*®V. It was found that this coupling constant
Jg,s has even a bigger value (approx. 3—3.5 Hz) in isotwistane-sulfones than in cor-
responding sulfoxides (approx. 1.5—2.5 Hz) and sulfides (approx. 1-2 Hz).

From the NMR-data of isotwistane-sulfones one sees that the H-atoms influenced
by the O-atoms of the sulfone, especially H-C(9)5(?, H—C(10)5( as well as H—C(6)
and H—C(8), are deshielded. The anisotropic effect of the sulfone group is obviously
weaker and less differentiated than the one of the sulfoxide group (see also®?).

523223 2, 7-Dihetero-twistanes in General. In substituted 2,7-dihetero-twistanes
the position of the substituent [at C( 10)‘)] and its configuration can easily be deter-
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mined with the aid of spin,spin-decoupling experiments of the H-C(10)-signal. In
Table 26 for such assignments characteristic coupling constants of a big variety of
C(IO)X(z)- and C( 10)YM_substituted 2,7-dihetero-twistanes as well as the calculated
values for the unsubstituted 2,7-dioxa-twistane (212: see 5.2.3.2.1.2.) are listed.

5.2.3.2.2.4. 2-Oxa-7-thia-isotwistanes and -twistanes. Chemical shift values for the
bridgehead H-atoms H—C(1), H-C(3), H—C(6) and H—C(8) as well as for H—-C(10)
at the substituent baring C-atom are listed in Table 27 for some isotwistanes and
twistanes with X(2) = O, Y(7) = S, which belong to the three general types G 92
[C(10)°P_substituted 2-oxa-7-thia-isotwistanes], G 93 [C(10)°(-substituted 2-oka-
7-thia-isotwistanes) and G 95 [C(10)3-substituted® 2-oxa-7-thia-twistanes]*™). The
data are subdivided into groups according to the nature of the substituents R at
C(10). Within a certain group (equal substituent R) there are only small non-signifi-
cant differences in chemical shifts between the signals for H—C(1) or the ones for
H—C(6), however, each of the three H-atoms H—C(3), H-C(8) and H—C(10) exhibit
characteristic positions of their signals. In compounds of the type G 95 the signal for

RX(?.)
’7Y X2 v X2
RY(7) ° 10
RY“)‘RXQ)
RX(2) RY(7) RX(Z) RY(7)
G 92 not H H G 94 not H H
G93 H not H G995 H not H

H—C(3) and H—-C(8), resp., appear at higher field than in such of the types G 92 and
G 93 The signals for H-C(10) in compounds of the type G 93 are at highest, in such
of the type G 95 at lowest field and in those of the type G 92 between the two ex-
tremes. By comparing spectra of isomeric compounds with the same substituent R

at C(10) belonging to the three types G 92, G 93 and G 95, these differences in chem-
ical shifts, together with some characteristic coupling constants (see Table 28) offer

a suitable criterion for structural assignments.

Special attention should be paid to the coupling constants J 8,90(2) and J 90(2)
3,0@ | O The values of 5.5 Hz for the former in isotwistanes G 92 and G 93
and of 1.5 Hz in twistanes G 95 are in good agreement with the structures of such
compounds. Especially in G 95 the angle <I>8,90(2) of approx. 65° as well as the
trans-antiplanar arrangement of $(7) to H—C(9)°®"Mcontribute to this small value.
A coupling constant J 90(2),100(2) of approx. 6.5—8.5 Hz, as observed in compounds
of the type G 95, is characteristic for C(lO)Y(7)-substituted twistanes (see also the
data in Table 26 on pp. 94 and 95.

5.2.3.2.3. C(4),C(10)-Disubstituted and C(4) or C(10)-Monosubstituted 2,7-
Dihetero-isotwistanes and -twistanes. The greatest number of comparable data of the
many known C(4),C(10)-disubstituted (R! + R* or R? + R*) and C(4)- or C(10)-

96



Dihetero-tricy clodecanes

"o1e)s amd ur paje[ost Usaq 10U SBY 7L (
‘paredard u9aq jou sey punoduros sy, G

- €6  T'€-S87T T°€—68°C 1L} 9T’y 0L SLO H §60

- (344 LTe 10°¢ 8S'y STy 69¢ SLO H- £69
AN - AN AN AN AN ANVNM H S1O 269

- 1 2Vl 4 TE—6'T Te—6'C 16°¢ -0 1473 HO H $69

- 98¢ we $6'C 8¢S’V 9ty SE€ HO H £69
S6't - 8Tt ITe 8¢ 9Ty LIE H HO 690
- 1T°s  S1T'€-87 ST'e-8¢ o'y 8TY (144 YO H §6 9

- S8y (L oee 19 8EY 144 VO H £60
80°C - SYETST'E SPE-STE €9 L2 4 413 H VO 69
- Aﬁ Aﬁ m.— A~ Aa Aﬁ 1 H §69

- SSY—vv  SPE-ST'E SPe-ST'e (47 2NN A 4 4 144 I H £6 9
90°s - (483 8T’ 8P—9v 8v—9't 1941 H I 69
(£)s(0NO—Hg (Do(e1O—Hg  (8)0—H¢ (9)0—Hg (€)D—Hg (1)0~H¢ punodurc) wxd  @x¥ adAL

(01)D—Hg

(esLT 219EL

97



C. Ganter

Table 28

Coupling constants [Hz} G921 G 93l G9sh
146 269 270
RX(2) = RY(M=-0Ts RYD=0Ts

Iie . 6

J1,60(2) 5.5

31,100(2) s 6

J3,8 6.5 6.5

J6,8 ca. 1

J6,100(2) 2

T6,105(7) 4

J5.00(2) 5.5 5.5 L5

390(2) 160(2) 7.5

1) As the values are almost independent of the nature of the substituent R at C(10) for
different jerivatives of the same general type only one characteristic representative of each
type (G 92, G 93, G 95) is listed.

R B

4 (or 10)

7 02

10 (or 4)
RZ ‘1{1
G96 G97

monosubstituted (R! or R? or R#) 2,7-dihetero-isotwistanes (G 96) and -twistanes
(G 97) are available from acetoxy derivatives. Chemical shifts for the H-atoms gemi-
nal to the acetoxy group at C(4) and/or C(10), which are useful for the assignment
of the configuration at these centers, are listed in Table 29 (isotwistanes) and

Table 30 (twistanes). For a given combination of the heteroatoms X(2) and Y(7) in
isotwistanes the signal for H—C( 10)x(2) [AcO—C( 10)Y? ] is at highest field, the one
for H-C(4)X® [AcO—C(4)¥(] at lowest field and the one for H— C(10)YD
[AcO-— —C(10)*2) ] between the other two extremes. Data for H— C(4)Y(7)
(AcO—C(4)*X@1 are not yet available.

From the only direcily comparable example in the twistane-series (266 and 370}
most probably analogous trends can be expected. However, due to the higher symme-
try, in twistanes only two different types of signals can be observed.

A special hint for the C(4)Y(7)-configuration of the acetoxy group in isotwistanes
and the C(4) Y- or ¢(10)¥Y(PY configuration in twistanes give the vicinal coupling
constants of the H-atoms geminal to the acetoxy group, i.e. H—C(4)X® in isotwis-
tanes and H—C(4)X® or H—C(10)*® Y in twistanes, with the three neighboring H-
atoms: J, X@ X [or J;X®) 10%?) = approx. 5-8.5 Hz (dihedral angle approx. 20°),
33,4 % [or J 10 X®] = approx. 4—6 Hz (dihedral angle approx. 40°) and J,X® Y7
[or Jo Y, x(2)] approX. 1-3.5 Hz [dihedral angle approx. 100° (see also Table
26 on pp. 94 and 95)].
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Table 30. Twistanes (G 97)

Compound Y(7) X(2) Substituents and § [ppm]t) Refs.

Rl-ca0)X® R2-cao)Y™

andfor R3_C@)X(®)  and/for R4_C(4)Y(M
243 o o} H/H: 5.27/5.27 OAc/OAc 25)
247 o 0 H: 5.18 OAc 50)
249 s 0 H: 5.21 OAc 53)
251 0sC@bb) ¢ H: 5.02 OAc 54)
253 0,5 0 H: 5.04 OHc 54)
245 NSO,C¢Hs O H/H 5.16/5.1 OAc/OAc 35)
255 NSO,CgHs O H: 513 . OAc 55)
369 NCH; 0 H: 5.09 OAc 55)
2571 0 s H: 5.22 OAc 27)
203" o) NCH; H: 4.91 OAc 58)
266 S NCH3 H: 5.09 OAc 58)
3709 S NCH; OAc H: 493 58)

5.2.3.3. 2.8-Dioxa-homotwistbrendanes®®

2,8-Dihetero-homotwistbrendanes (G 4) can be prepared from isotwistanes with a
suitable leaving group R—C(10)X™ by rearrangement involving neighboring group

participation of Y(7) (see 3.4.3.). However, homotwistbrendanes with X(2) = O,

Y(8) = O are the only compounds of this structural type known so far.

s
AcO 64
7 3
8y X2 80 OI
9 1
10
G4 378

Table 31. Chemical shifts (6 [ppm])

H3CCO0-C(6)

H-C(1¢
H- CE 1 0; AB-spectrum
H-C(4)|
H-C(4)| AB-spectrum

H—C(1) and H--C(3) (w 1/2 approx. 8)
H-C(9) (wl/2 approx. 5)

H-C(7) (w!l/2 approx. 5)

H-C(5) (wll2 approx. 12)

2.13
1.99
2.14
2.5

2.65

4.1-4.3

4.50
4.73
5.37
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Table 32. Coupling constants [Hz]

Dihetero-tricyclodecanes

J3,9 1.5
Ji9 <0.5
19,10 1-5
Jg,10 1.5
15’7 <0-5

g
Ja,5
Jars
J3s
l4,4/

1.0
35
5.0

15.0

I3a 3
I3.4 1.5
11,10 0.75
Ji,10 0.5
J10,107 10.0

The unsubstituted compound 377 [G 4: X(2) = O, Y(8) = 0] (4.5.1.) exhibits in
its NMR-spectrum two multiplets [6 = 4.10 ppm, w'/2 approx. 8 Hz and § =
4.32 ppm, w'/2 approx. 5 Hz] in the ratio of 1 : 1, which belong to the four bridge-
head H-atoms at C(1), C(3), C(7) and C(9). A clear proof for the 2,8-dioxa-homo-
twistbrendane structure was obtained from the data of the enol-acetate 378 (4.5.1.).
Chemical shifts are listed in Table 31 and coupling constants in Table 32, Each signal

unequivocally could be assigned.
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7. Notes

a)

b)
c)

d)
€)

g)

h)
i)
b))

5)

t)

u)
v)

104

The capital letter G in front of a number shall characterize a general formula, to distin-
guish them from the set of specific compounds.

Adamantane: tricyclo[3.3.1.13:7]decane.

For tricyclo[4.3.1.03:8]decane the following trivial names were introduced in the litera-
ture: isoadamantane (1968)1), protoz{damantane (1968)2'3), isotwistane (1969)4) and
2(3 — 4)abeo-adamantane (1970)5). In the present review the name isotwistane will be
applied, which until now is exclusively used to describe such 2,7-dihetero-tricyclodecanes.
However, one should pay attention to the fact that since 19726) the trivial name iso-
twistane is also applied for tricyclo[4.3.1.0%"7 Jdecanes.

Twistane?): tricyclo[4.4.0.03’8]decane.

In accordance to the known twistbrendane (G 6)7), tricyclo[5.3.0.03’9]decanes will be
called homotwistbrendanes.

G6

Tricyclo( 3.3.2.03'7]decane: octahydro-2,5-ethanopentalene.

Sce e.g. the review articles by Stetter!9! 1), Fort, Jr. and Schleyerlz), Bingham and
Schleyer? 3) and McKerveyM) as well as references cited therein,

See the review articles by Stetter190> 11) and Gelbard19).

See 3.2.2.2. for a detailed discussion.

In isotwistanes and twistanes the indices X(2) and Y(7) indicate the bridge-heteroatoms
toward which a substituent is orientated.

For an independant synthesis of 9 and 23 from diiodide 5, see 3.2.2.

In adamantanes the indices X(2) and Y(6) indicate the bridge-heteroatoms towards which
a substituent is orientated.

See 3.2.2. for a detailed discussion.

See the detailed discussion in 3.2.2. (for 47), in 3.4.2 (for 50) and in 3.3.1. (for 54).
For another preparation of 48 and 52 see 2.1.5.3., of 49 see 2.1.5.4.

For an independant synthesis of 49 and 78 from diiodide 47, see 3.2.2.2.

In this connection it should be mentioned that bromodemercuration of /2/ under ana-
logous conditions predominantly yielded the 102 bromide 126.

Analogous experiments starting from /39 with mercuric acetate in water or diluted acetic
acid (— 141) followed by NaBH,-reduction in basic solution, led also to /48, although
in much lower yield (< 20%).

In 1970 a paper appeared by Dittmann and Sunder-Plassmann®5). These authors are
supposed to have obtained 2,7-dioxa-twistane (212) by an independent route. However,
from the experiments they described it seems very unlikely to be the case.

To facilitate comparisons between isotwistanes, twistanes and homotwistbrendanes the
atoms in most substituted twistanes and homotwistbrendanes are numbered against
TUPAC-rules in such a way, that in twistanes a substituent correctly located at C(4) or C(5) will
be placed at C(10) and in homotwistbrendanes a substituent correctly located at C(4)
will be placed on C(6). By consequence in several cases the two heteroatoms X and Y
became numbered against IUPAC-rules, too.

For reviews on this subject, see67-69

Extensive studies are also known on substitutions and rearrangements involving neigh-
boring group participation of the heteroatom Y(9) in 9-heterobicyclo[3.3.1}- and 9-
heterobicyclo[4.2.1nonanes (see the onium ion G 35), e.g. 24, 60, 64, 70, 71)
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)
G35

On oxonium ions, see?2),
On episulfonium ions, sce
In contrast to sulfides, sulfoxides and sulfones show no tendency of neighboring group
participation in exchange reactions at the g-carbon atom, see?8) ag well as experiments
on 9-thiabicyclol3.3.1]nonenes: treatment of 239, 240 and 241 with silver acetate in
acetic acid 59,

73-77)

0
. 1 L. ..
S
- |~
-0
239 240 241

On aziridinium ions, see 79) and references cited therein.

In none of the studied cases products from an attack C, F, I and L could be observed.
Therefore these pathways have been omitted in the above general scheme.

In 7-thia-isotwistane 7-oxides the indices C(1) and C(4) indicate the C-atoms towards
which the oxygen at S(7) is orientated.

The opposite arrangement, R! antito Y and R? anti to X(2), leads to the same disubsti-
tuted products G 73 ~ G 80, because in G 73 and G 77, in G 74 and G 79, in G 75 and
G 78 as well as in G 76 and G 80 in each case the two substituents R3 and R? are only
interchanged.

In none of the studied cases products from an attack of an external nucleophile R3® or
R4 like C,F,I,L, O, R, Uand X could be observed. Therefore these pathways were
omitted in the above general scheme.

An analogous result was obtained with the corresponding 105(2)-tosyloxy-2-thia-7-oxa-
isotwistane (343), see 4.3.4.

Numbering according to the isotwistane skeleton.

The indices C(5) and C(9) indicate the carbon atoms towards which the oxygen at S(2)
is orientated.

To differenciate the optically active compounds from the racemic ones described in the
other sections, the former will be numbered differently. The numbers of the correspond-
ing racemic compounds are added in brackets in the formula schemes.
CD-measurements on the (—)-diene 407 by Prof. Dr. G. Snatzke (Ruhr-Universitit
Bochum, Germany), which are thankfully acknowledged, are in full agreement with the
above assigned absolute configuration.

Compare isopropyl iodide: Apax = 259.4 nm (e = 566) in CH3OH87) and 2-iodo-9-oxa-
bicyclo[ 3.3.1nonane-derivatives: Apax = approx. 260 nm (e approx. 630) in C;HsOH
(see 5.2.2.1.).

All the chemical shifts (§ [ppm]) discussed in 5.2.3.1. corresponding to AB-systems of
the methylene groups Hy —C(4), Hy-C(8), H»-C(9) and Hy—C(10) arc corrected values
according to the formula 8 5 — 65 =+/(vq — 71) * (v3 — v2) (see 94),

For some special discussions of nmr.-data in this section in some compounds the sub-
stituents at C(4) and C(8) are interchanged compared to the numbering in preceeding
sections.

As the substituents at C(4) and C(8) do not have an essential influence on the mentioned
vicinal coupling constants, they have been omitted in the formula G 86 — G 89,

See the detailed discussion of these effects in 7%
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As the exact positions of the signals for H-C(9)9(2) and H-C(9)N(6) could not be
obtained, the studies are restricted to H—C(10)0(2) and H—C(10)N(8),

Corresponding results are observed for Hy —C(9) in 40(2),8N(6)-disubstituted compounds.
Eg A=H-C#)°® or H-€(9)°?), A" = H-C(5)%(M or H-C(10)°(7), B =
H-C@)°) or H-C(9)°), B’ = H-C(5)°@ or H-C(10)°?), H-C(4)°?) and
H—C(9)°(7 etc. each are equivalent because of the Dy-symmetry in 212,

Compare also the coupling constants of the C(10)-substituted 2,7-dioxa-twistanes 247,
268, 355 and 359 in table 26 (5.2.3.2.2.3.).

On the basis of model studies small values for the coupling constants J; 9¥Y(7) and
J8,9Y(7) can be expected from the estimated values for the corresponding angles.
Furthermore the effect of the electronegative substituents X(2) and Y(7) to diminish
Jvic has to be taken into account, also (see 94) and the references cited therein).
J50(2) g is almost zero. This is in good agreement with the angle between the corres-
ponding H-atoms of approx. 90° and the influence of O(7) on Jy;c (see 94) 25 well as
Comparisons with compounds of the fourth type G 94 (Rx(z) =H, RY( = H) are less
available because in such compounds (e.g. X(2) = NCH3, Y(7) = SV: 23558), 23658),
37058) etc.) the signals for the four bridgehead H-atoms are usually one broad unresolved
multiplet, wherefore the chemical shifts have not been determined for each single H-atom.

ss)).
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1. Introduction

Homogeneous catalysis with defined soluble transition metal complexes as catalysts
has become one of the most effective means of transforming simple olefins into more
valuable materials. The technically important hydroformylation of olefins to alde-
hydes or alcohols?, the Wacker processz), the dimerization of propylene to linear
hexenes®, the oligomerization of ethylene to linear a-olefins®, are only a few exam-
ples. A feature common to all these processes is the insertion of a substrate olefin
molecule, which is coordinatively bonded to the transition metal center M, into a
metal-carbon or metal-hydrogen bond present at the same center:

o= |

7 M—R—> M—(IZ—CI——R )

(R = alkyl group or H)

If the olefin is unsymmetrically substituted, the structure of the product will
evidently depend on the direction of insertion; thus, for propylene the two insertion
modes (2) and (3) may in principle be formulated:

H,C=CH—CH;

#—R—> M—CH,— CH—R )
c,
CH; —CH=CH,
M R—>M— CH—CH,—R 3)
e,

Markownikoff’s rule is frequently applied to this problem, and one of the inser-
tion modes is designated as Markownikoff mode, and the other as ‘“‘anti-Markowni-
koff”” mode. There is, however some confusion in the literature as to which is which.

Markownikoff’s rule states that during the addition of H* X~ to an asymmetri-
cally substituted olefin the negative part becomes attached to the unsaturated carbon
carrying the smaller number of hydrogen atoms?. Originally this was an empirical
rule, but in the meantime quantum chemistry and molecular orbital theory have
provided a solid theoretical background to it. In the particular case of propylene, for

instance, it has been calculated that the m-electron density distribution is as follows®:
0.972 1.042
CH3 —CH= CH2

a) The original “Markownikoff rule” (1875) reads: “Lorsqu’a un hydrocarbure non saturé, ren-
fermant des atomes de carbone inégalement hydrogenés, s’ajoute u151 acide haloidhydrique,
I'element €lectronegatif se fixe sur le carbone le moins hydrogené”
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ie there is a certain polarization of the double bond, and one expects an anion to
attack at the carbon atom next to the methyl group.

We define then as the Markownikoff mode of insertion that expected from a
consideration of the electronic structure of the reaction partners in their ground
state. With this definition in mind we shall now first discuss briefly the polarity of
metal-carbon and metal-hydrogen bonds, as well as the 7-electron distribution in
certain relevant olefins. We shall then proceed to a description of numerous Markow-
nikoff and anti-Markownikoff insertion reactions cited in the literature, and we shall
try to discern electronic and steric effects leading to the one or to the other.

2. Electronic Structure of Reaction Partners

2.1. Polarity of M—C and M—H Bonds

There seems to be general agreement concerning the character of metal-carbon bonds
in transition metal complexes having alkyl groups linked to the metal: the a-carbon
atom of the alkyl group and the metal form a normal covalent o-bond, each partner
contributing one electron. From X-ray structural analyses of such complexes it is
known that the bond lengths are very nearly those predicted by addition of the co-
valent radii for carbon and the transition metal in the appropriate valence state”.
Nevertheless the metal-carbon bonds are doubtlessly somewhat polarized, in the
sense that the transition metal cation has a certain positive, the a-carbon of the alkyl
group a negative charge. Several molecular orbital calculations of varying levels of
sophistication have indicated that the positive charge on the metal center is mostly
between +1 and +2, independently of the formal oxidation state of the metal® %),
The negative charge on the a-carbon has also been computed, for the particular case
of titanium based Ziegler type catalysts for the polymerization and oligomerization
of ethylene® 19 _ Charges of —0.24 to —0.32 have been reported.

The polarization of the metal-carbon bonds in the indicated direction may also
be inferred from direct experimental evidence. Nearly all alkyl transition metal com-
pounds are cleaved by protonic solvents or acids, and in all cases the proton ends up
with the alkyl group giving an alkane, whereas the anionic part of the cleaving agent
adds to the metal'!> 12, A few examples are given below:

CH;Ni (h® -C3H;)L + HBr — CH, + BrNi (h3—C3Hs)L
[L=P(CsHs)3;'N

(CH3)2PdL2 + C2H5 OH’——) CH4 + CH3 (C2 H5 O)PdL2
[L=P(C;Hs)s;™

L, V(C3Hg),R + 3HX— 3H(C3H,),R + L, VX

L,; = usual ligands of Ziegler type polymerization catalyst;
C3Hg¢ = propylene; R = initiating group; *HX = tritiated Brgnsted acid'®.
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From the sum of these evidences we may safely conclude that there is a positive
charge on the metal, and a moderate negative charge on the carbon.

The hydrogen in transition metal-hydrogen bonds is generally assumed to have
a negative charge too, and the corresponding complexes are called hydride- or hydri-
do-transition metal complexes. This name, although commonly used, is not quite
correct in view of the covalent character of the M—H bond. Older X-ray studies did
not permit to locate exactly the hydrogen in the vicinity of a heavy metal atom, but
with the advent of neutron diffraction and high precision data collection, metal-
hydrogen distances could be determined with sufficient precision to permit the state-
ment that the hydrogen is situated close to what might be calculated as the normal
covalent bond distance'). ESR data may also be quoted as a corroboration of the
covalent character of M—H bonds, although such data are available only for a few
paramagnetic complexes such as {Cp, TiH]7 16) (Cp, Ti(H) ()]~ 17 and HCoR(L-L)
18) [Cp = h® —C5Hj; R = methyl or ethyl; (L—L) = (C¢Hs),PCH, CH, P(C4Hs), or
(C,H3),PCH,CH,P(C,Hs), . In all these cases, the coupling of the unpaired
electron of the transition metal ion with the hydrogen nuclei provides evidence for
covalent bonding.

The most frequently cited experimental evidence for a negative charge on the
hydrogen is the large high field shift in the nuclear magnetic resonance spectra of
protons directly bonded to transition metals, in diamagnetic complexes (7 between
10 and 50 ppm). This shift is even used as a criterium of the presence of a hydrido
complex, particularly in species obtainable only in solution. Several explanations for
the high values of the shift have been put forward'®. An early suggestion was that
the shift should be entirely caused by a strong local shielding of the proton, produced
by a rather ionic bond with hydride-like character. However, 7 for the free H™ ion is
only 5 ppm, so 7 values up to 50 ppm cannot be entirely due to such local shielding.
Ligand influenced electron population in the large and diffuse 4s and 4p orbitals of
(first row) transition metals®®, as well as effects of a distortion of the partly filled
d-shell by the magnetic field'® have been suggested as the main contributors to the
shift. But, nevertheless, the theoretical work points also to a negative charge at the
hydrogen. Thus, LCAO—MO calculations of the charge distribution in a series of
hydrido complexes of Cr, Mo, W, Fe, Co, Rh and Ir have been used to calculate the
chemical shifts. Computed and observed shift data are compatible only when the
H atom is assumed to have an excess negative charge, corresponding to a total of
about 1.1 to 1.4 electrons around the proton®!). Moreover, a recent MO calculation
of a h)ydrido-platinum(II) complex places a charge of 0.178 electrons on the hydro-
gen??),

Further chemical evidence for the polarization of the metal-hydrogen bonds as
M®*_—H® ~ comes from cleavage reactions with aqueous acids, alcohols or phenols
to produce H,, or with halogen (Br, or I,) to give hydrogen halide, although these

reactions are sometimes not quantitative. Some examples are?d:

toluene

HRhL3 + C6H50H —_— Rh(OC6H5)L3 + H2

C,H50H
HRuCl(CO)L; + HNO; —2-25 RuCl(NO;) (CO)L; + H,
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C,HsOH
HzII'ClL_:) +HC —m———— HIICIz L3 + Hz

CH,(1
HRhBr,L; + Bry ———2—*—— RhBr3L, + HBr

(L = phosphine ligands).

In a compound which contains both an alkyl and a hydride ligand, the latter is
even cleaved in preference by HCI?¥:

CH;RuH(L-L) + HCl— CH;RuCl(L-L) + H,

A distinct resemblance in character of M—C and M—H o-bonds is manifest in the
similar trans-influence exerted by alkyl and hydride ligands, e.g. in the square-planar
complexes trans-CH3PtCl(PR3), and trans-HPtCl1(PR3),, as borne out by the Pt—Cl
stretching frequency. Table 1 indicates, on the left hand side, the high trans-influence
(i.e. the marked electron donor property) of CHy and H, as compared with other
ligands. Moreover, the strengths of metal-carbon and metal-hydrogen bonds are in-
fluenced in a comparable way by the electronic properties of the ligand trans to
them. As can be seen in the middle and on the right hand side of Table 1, the stretch-
ing frequencies of the Pt—C as well as those of the Pt—H bond decrease (i.e. the
bonds are increasingly weakened) with increasing #rans-influence of the anionic
ligand.

Table 1. Trans-influence in several square-planar Pt(Il) complexes (L = phosphine)

mzns-XPtCngzs) trans-CH 3PtXL226) trans-HPtXL227)

X th_Cl(Cm_l) X vpt_c(cm—l) X th_H(cm—l)
H 269 CN 2041 CN 516

CHj 274 1 2156 I 540

P(CyHg)3 295 Br 2178 Br 548
P(CgHs)s 298 Cl 2183 Cl 551
P(OC¢H35)3 316 NOj3 2242 NO3 3566

a 340

co 344

There seems to be some confusion about the polarization of the metal-hydrogen
bond in certain hydrido-transition metal-carbony! compounds, in particular
HCo(CO),4. This and some related hydrido-carbonyl compounds are slightly soluble
in water, and such solutions are clearly acidic?¥. In the gas phase or in non-polar
solvents, however, these complexes exhibit spectroscopic and chemical properties
similar to those of other “non-acidic” hydride complexes. A MO calculation of the
charge densities in HCo(CO), indicated that 1.6 electrons are associated with the
hydrogen atom, and the question was discussed as to how a molecule with a negative-
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ly charged hydrogen can dissolve in water to become an acid?®, It was estimated
that the process

HCo(CO),4 (g)— [Co(CO)4]™ (ag) + H' (aq)

would release about 135 kcal/mol, mainly due to the high solvation energy of the
proton and of the anionic metal species, and hence *‘has a strong motivation to take
place”. Evidently, an acidic dissociation of a hydrido-transition metal complex is
feasible only if the negative charge on the anionic part can be dissipated over several
strongly electron accepting ligands, in particular CO ligands. In such cases, and with
powerfully solvating solvents such as water or alcohols, one may then have to take
into consideration a reversal of the polarization of M—H bonds, and also of certain
M-—C bonds. Thus, H, O and alcohols cleave acyl-metal bonds in certain transition
metal carbonyl complexes to give carboxylic acid derivatives and a metal-hydride,

eg:

RCCo(CO), + C,HsOH — RCOC,Hs + HCo(CO),
I I
) 0

This is actually a crucial step in the carboxylation of olefins (Reppe reaction) with
transition metal carbonyl catalystszg). Apart from these extreme cases, however,
metal-carbon ¢-bonds as well as metal-hydride bonds are best described as moderately
polarized covalent bonds, with negative charge on the carbon or hydrogen respectively:

5+ §— 5+ 6—
M-CZ M-H

2.2. Polarity of Olefinic Double Bonds

If one compares the electronic situation of the double bond of a mono-substituted
ethylene such as propylene or acrylonitrile with that of ethylene itself, one has to
consider two influences of the substituent. On one side, electron density may be
donated to, or withdrawn from, the unsaturated hydrocarbon fragment as a whole;
on the other side the distribution of electrons remaining in the hydrocarbon fragment
may be polarized so that electrons are drawn to or from the site of substitution.
According to the usual nomenclature the first is the inductive, the second the re-
sonance effect of the substituent. This separation has been made originally on
empirical grounds by Taft ez al. 3. Later, a satisfying substantiation has resulted
from the calculation of charge density distributions in the framework of MO theory
(CNDO/2, or complete neglect of differential overlap approximation)®. The double
classification of substituents according to the mentioned criteria may be expressed
by +I and —I for the inductive effect, and by a — or + superscript for the polarization.
of the double bond, for higher electron density at the substituted or unsubstituted
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‘ ‘ Fig. 1. Schematic representation of types of

inductive substituents X in mono-substituted
_ ethylene (after ))

Table 2. Substituent effects in HyC=CH~X5: 30: 32)

X Classification Polarization of
the double bond

CH, +1* Hpt =& - cH,
CeHs rt H,& = 8 - cH;s
a 1t Lt -ti-a

F o Hyt =CH_F
OCH;3 -1t HZ??_ ~8h- OCH3
CFs3 - HyC = H - CF3
N - m,t =tE-on
COOH -1- H2%+ = &1 - coOH
COOR -1 H,¢ = &H - COOR
COCH;  -I- H,¢ = CH - COCH3

carbon atom respectively. This leads to the four types of substituents sketched in
Fig. 1.

Among the substituents relevant in our context (see Table 2), only alkyl groups
are of the +1 type, although the amount of electron density actually donated to the
double bond is relatively small, as may be seen from the example of propylene as
given in the Introduction. All other substituents withdraw electron density from the
H, C=CH- fragment (—I). More important for our purpose, however, is the polariza-
tion of the double bond. It has been shown® 3® that those substituents which have
the most electronegative atom directly attached to the hydrocarbon fragment draw
electron density from the site of substitution to the CH, group, whereas substituents
having the electronegative atom one position further away polarize the double bond
in the opposite direction. In Table 2, the substltuents of each group are ordered
approximately with increasing polarizing effect”

113



G. Henrici-Oliveand S. Olive

In the case of styrene, simple Hiickel MO theory would indicate equal 7-electron
density (=1) at the a and g carbon atom>Y; more sophisticated calculations, however,
reveal a polarization as shown in Table 232)_in agreement with Taft’s indices3?.

In the MO treatment of chemical reactivity, the overlap of the highest occupied
molecular orbital (HOMO) of one reaction partner with the lowest unoccupied
molecular orbital (LUMO) of the other partner plays an important role. In a very
rough, qualitative manner we may represent the HOMO’s and LUMO’s of ethylene
and substituted ethylenes as shown in Fig. 2%,

The energy levels of the HOMO’s are known from photoelectron spectroscopy,
those of the LUMO’s are estimated from electron affinities, substituent effects on
charge transfer spectra, polarographic reduction potentials, and electron (7—n*)
absorption spectra34). Typical values are summarized in Table 3. The energies of the
HOMOs of substituted ethylenes are higher for +I* and —I* substituents, but lower
for —I™ substituents, in comparison with ethylene itself. The LUMO’s appear to be
generally lower for substituted ethylenes, but more so for —I~ substituents.

2.3. The Insertion Step

It is generally assumed that olefin insertion into metal-carbon or metal-hydrogen
bonds takes place by a concerted reaction path, that means through a more or less
polar, cyclic transition state, with simultaneous bond breaking and bond making,

eg.:

4

(R = alkyl group or hydrogen; other ligands of the metal omitted.)

It is characteristic for concerted reactions that the activation energies are relative-
ly low, generally lower than the bond dissociation energies of the weakest bonds
involved (indicative of concerted breaking and making of bonds), and that the activa-
tion entropies are either very small or negative (indicative of the restriction in motion
resulting from the formation of a cyclic transition state)>®. For the insertion of an
ethylene molecule into the metal-carbon bond of a Rh(III)—C,Hs complex the
following activation parameters have been obtained®”: Arrhenius activation energy

b) Recent calculations in the CNDO/2 approximationsz’ 33) of substituted ethylenes with
-I substituents in conjugation with the olefinic double bond (e.g. HyC=CHCN, H,C=CHCOOR)
resulted in a different habitus of the HOMO's of these compounds (coefficient of the 8 car-
bon > that of the « carbon), whereas the habitus of the LUMO’s as well as the overall polari-
zation of the olefinic double bond remains as indicated in Table 2 and on the right hand side
of Fig. 2.
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§- 5+ &+ 6- ,
H,C=CH-X H,C=CH, H,(=CH-X

- O Q8 p \_p.
( ) d N

Fig. 2. Qualitative sketches of HOMO’s and LUMO’s of ethylene and the different types of
substituted ethylenes

Table 3. The energy levels of HOMO’s and LUMO’s of substituted ethylenes

Compounds Ligand HOMO LUMO Ref.
classification V) (eV)
Alkylethylenes  +I* —8.6t0 -9.6 34)
Vinyl ethers -+ -9.1 10 39
Halo-ethylenes -t —10.1to —-10.3 34)
Ethylene - -10.5 1.5 34)
Acrylesters -1~ -10.7 =0 34, 35)
Acrylonitrile . -10.9 -0.02 33)

E, =17.2 keal/mol, AH* = 16.6 kcal/mol, AF* = 22.7 kcal/mol, AS* = —20.1 cal/
mol - deg. Experimental data concerning metal-carbon bond strengths are relatively
scarce, but whenever such data have been estimated they have been found in the
range of 40—80 kcal/mol!? 38 The strength of the coordinative Rh-ethylene bond
has been estimated to be € 31 kcal/mol®®. Although this is an upper limit it indicates
that metal-olefin bonds are not weak. Finally, the opening of a carbon-carbon double

bond (> C=C <—> —> c-C <— ) requires 63 kcal/mol*®). Hence, the reported activa-

tion parameters are compatible with the concept of a concerted mechanism.

Olefin oligomerization and polymerization reactions would be expected to be
particularly suited for the determination of activation parameters of insertion reac-
tions, because the multiplying effect of many successive insertion steps at the same
active center should increase the accuracy of the determination. However, these
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reactions are generally catalyzed by Ziegler type catalyst systems, where the active
site is formed in situ from two components (e.g. titanium compound and aluminum
alkyl) in an equilibrium reaction. The observed rates are then a function of the
temperature dependent position of this equilibrium, unless it was made sure that all
of the transition metal compound is present in the form of the catalytically active
complex. One such case was reported, for the oligomerization of ethylene with a
Ti/Al catalyst.system, and the observed activation energy of ~ 9 kcal/mol is again
compatible with a concerted reaction®,

Furthermore, a concerted mechanism as indicated in Eq. (4) should be character-
ized by cis-stereospecificity of the insertion step. Actually this type of stereochemistry
can be substantiated only with prochiral olefins. A good example is the insertion of
(E) and (Z) 3-methylpentene-2 into the metal H-bond of HRh(CO) L; (L = triphenyl-
phosphine), studied by Pino and co-workers*! | see Fig. 3. The reaction is carried out
under hydroformylation conditions, i.e. the final products are threo- and erythro-2,3-
dimethylpentanal respectively. Only minor amounts of the alternative isomers are
observed in each case.

Rh(CO)L, CHO
+ HRR(CO)L; —= H —_—
H,C C,H, H,C C,H,
(E) Threo
Rh(CO)L4 CHO
_ + HRW(CO)Ly —= H ——= H
H,C C,H; H,C~ NG, H,C~ NC,H;
(Z) Erythro

Fig. 3. The cis-stereochemistry of olefin insertion as substantiated by the hydroformylation of
(E) and (Z) 3—methy1pentene-241)

There has been some discussion as to whether the insertion takes place at the
coordination site of the o-bonded ligand, or whether this ligand migrates to the site
of the coordinated substrate molecule:

R‘\ R\
| C or l C
M——— M———

C C

For the insertion of carbon monoxide into a manganese-carbon bond, this
question has been settled on cis-migration of the alkyl ligand*?. On the basis of
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Sad | Cm

Fig. 4. a) Coordination of an olefin (ethylene) to a transition metal (titanium), schematic
representation of the relevant orbitals in the x—y plane of an octahedral complex (empty orbitals
are shaded);

b) x—y plane of a titanium complex with an alkyl ligand and a coordinated ethylene in cis-
position (after Cossee?42))

common sense considerations the cis-migration mechanism is usually assumed also

for the ethylene insertion into metal-carbon bonds, particularly with titanium based
catalysts“’ 8), Fig. 4 shows, on the left hand side, the well known orbital overlap
picture of olefin coordination to a transition metal (Dewar-Chatt-Duncanson model),
and on the right hand side the x—y plane of a titanium complex, comprising an alkyl
ligand, a coordinated ethylene molecule, and two chlorine ligands. The dimensions

of metal and ligands are approximately drawn to scale. This representation emphasizes
that a small “in-plane” displacement of the CH4-group, which may be possible with-
in the normal vibrational modes of the complex, brings this group into a position of
considerable overlap with the olefin*?.

A MO calculation of the changes of charge distribution in the course of the inser-
tion step® sheds some light onto the orbital situation during this process. The model
is an octahedral titanium complex. As soon as the alkyl group commences migration,
its o-orbital starts to overlap with the metal d,, orbital (cf. Fig. 4 a and b; note that
this overlap is forbidden in the octahedral complex, but it becomes allowed, because
of the changed symmetry, when the alkyl group moves away from its position on
the y-axis). Hence, there is no significant loss in bonding energy, and consequently
no serious activation energy barrier to the migration. Moreover, the overlap of the
alkyl g-bonding orbital with d,, brings electron density into this metal orbital, and
hence into the antibonding 7* orbital of the ethylene, in this way activating the
olefin molecule.

These considerations, although not being a proof, make the cis-migration
mechanism a very attractive model for olefin insertion, at least in octahedral com-

_plexes. Nevertheless, this conclusion should not be generalized without caution. In
square-planar complexes RML3 (R = alkyl group or H), for instance, olefin insertion
probably takes place at the site of the ligand R, in order to maintain the square-planar
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symmetry>?. If not stated otherwise we shall understand the term “insertion” as
merely describing the outcome of the reaction, without any mechanistic significance
concerning the reaction site.

3. Regioselectivity in Olefin Insertion

3.1. An Empirical Rule

The following discussion of regioselectivity in olefin insertion is based on the defini-
tions of the Markownikoff and anti-Markownikoff modes of insertion as given in
Section 1, and on the electronic situation of metal-carbon and metal-hydrogen bonds
as well as of olefinic double bonds, as summarized in Section 2.

A literature review of olefin insertion reactions indicates certain trends which
are reflected in the Tables 4—6. Substituted ethylenes with strongly polarized double
bonds generally react according to the Markownikoff mode (Table 4). The available
examples refer to acrylic esters and acrylonitrile (strong —I™ substituents). The re-
gioselectivity appears to be quite high; no products others than the Markownikoff
insertion species are reported in most cases.

Substituted ethylenes with weakly polar double bonds such as propylene or
higher 1-olefins (+I* substituents) and styrene (—I" substituent) present predominant-
ly Markownikoff insertion with Ti—H and Ti—C bonds (Table 5). With group VIII
transition metal species, however, a remarkable tendency to the anti-Markownikoff
mode of insertion is observed (Table 6).

The data collected in the Tables 4—6 require several comments. In some cases
the metal-organic product of the insertion step has been investigated directly. In
other cases this was not possible, because immediate g-hydrogen abstraction from
the o-bonded organic ligand led to a hydrido-metal species and an unsaturated product
molecule, e.g. (cf. Table 4, last example):

6— 6+
HyC — Pd
+ — CH,—CH,-CH -Pd
|
5+ 65— .
B, &n COOR

~
COOR
——  CH3—CH=CH + [H—Pd}— Pd°
|
COOR

In this particular case, the metal-hydride species is unstable, and decomposes
immediately, giving zerovalent metal. In other cases, the metal-hydride species is
able to insert another substrate molecule, giving rise to catalytic behavior. The
dimerization reactions of propylene and styrene in Tables 5 and 6 are examples.
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The abstraction of a f-hydrogen after the insertion of a first monomer unit into a
M-—H bond gives back the substrate; B—H abstraction after the second insertion,
however, leads to the product dimer, e.g.:

(L,)Ni—H + CH,=CH-CH;3 & (L, )Ni-CH-CH;,
l
CH;3

(L,,)Ni—CH—CH; + CH,=CH—CH; — (L,,)Ni~CH—CH, —CH—CH,
I I [
CHj CH, CH,
(L,,)Ni—CH—CH, —CH—CH; —> (L,,)NiH + CH=CH—-CH—CH,
| | | |

[The abbreviation (L,,;) stands for other ligands in the complex.]

The quotation of M—Cé and M—H in the second column of Tables 5 and 6

indicates such alternating insertion of substrate into M—C and M—H bonds, in the
catalytic cases.

The Markownikoff insertions in Tables 4 and 5 are straightforward and self-
explanatory. In order to explain results as those given in Table 6, it has been suggestedss)
that the group VIII metal centers, with their high d-electron population, and in
particular in the presence of electron donor ligands such as phosphines or acetate,
dimethylglyoxime, etc., might provoke the inversion of the polarization of the weak-
ly polar double bonds of propylene, styrene, etc. This hypothesis may be rationalized
considering electron back donation from the metal to the olefin according to the
Dewar-Chatt-Ducanson model of the metal-olefin bond (see Fig. 4a), and taking into
account the unsymmetric habitus of the n-orbitals of these olefinic compounds
(Fig. 2, left hand side). The bonding n-orbital is shifted towards the g-carbon, whereas
the antibonding n*-orbital has its greater lobes at the side of the a-carbon. On coor-
dination to a transition metal center, the olefin n-orbital loses 7 electron density in
a metal olefin o-bond, whereas n*, in case of electron back donation, gains electron
density in a 7-bond. Evidently, this effect tends to counterbalance the original polari-
zation of the double bond. Strong electron back donation may well reverse this
polarization.

An alternative explanation would be the inversion of the polarization of the
M--H or M—C bonds. This would require a shift of the g-bonding electrons towards
the metal ion. However, in view of the high d-electron population of the group
VIII metals, and of the presence of donor ligands in almost all cases, such a shift
appears to be less probable.

One may also discuss the observed regioselectivity rules from the point of view
or the orbital overlap picture suggested by Armstrong and Perkins® (cf. Section 2.3.).
Again, the Markownikoff insertions described in Tables 4 and 5 are straightforward:
reaction takes place preferentially with the olefin in the position permitting overlap
of the o-bonding orbital of the alkyl (or hydride) ligand with the more pronounced
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part of the LUMO of the olefin (cf. Fig. 2). Concerning the anti-Markownikoff inser-
tions shown in Table 6, one may argue that this is related to the fact that the metal-
olefin interaction is generally much stronger with group VIII metals than with the
early transition metals. Thus, numerous more or less stable m-complexes of ethylene
and substituted ethylenes with low valent group VIII metals are known, but none of
titanium or vanadium®?). In the stable complexes, a strong olefin - metal o-bond
appears to be accompanied generally by a strong metal — olefin 7-bond, in order

to offset the electrical dipole (see, e.g. the MO calculations on Zeise’s salt,
K[Pt(C,H,4)Cl3])%%. This electron back donation brings electron density into the
antibonding #* orbital, and makes it less attractive for the interaction with the alkyl
(or hydride) o-orbital. The bonding w-orbital of the olefin, on the other hand, which
is partly voided by the electron flow from the olefin to the metal in the g-bond,
may take over the function of 7* as a partner for the alkyl (or hydride) g-orbital,
(Such interaction might additionally be favored by a better energy fit. The symmetry
requirements are less stringent in the moment when the alkyl group starts moving
towards the coordinated olefin.) Given the opposite distribution of electron density
in the two olefin orbitals (Fig. 2, left hand side), such interaction would evidently
lead to preferential anti-Markownikoff insertion.?

3.2. Exceptions to the Rule

As every rule, the guide line to regioselectivity presented in the preceding Section
has its exceptions, but in most cases a reasonable explanation for deviating behavior
may be found.

+ CHy=CH M~(‘,‘H~CH2—~CIH~-CH3
' X X
M—CIH—CH3
a X
M-CH,~CH-CH-CH,
)] [
M—H + CH2=C'H X X
X —CH-CH,—-CH.—
\ . CH2=(;H M (,TH CH,-CH, (EHQ
M—?{z—cn2
X
M—CH,—CH-CH,~CH,
an | |
Scheme 1 X X

°) According to this argument one might expect, at first sight, anti-Markownikoff insertion also
for the more polar olefins CHy=CH--COOR and CH3=CH-CN, with group VIII metals; see,
however, the footnote given in context with Fig, 2. Thus, the Markownikoff insertion of
these compounds into group VIII metal-R bonds actually corroborates the interpretation
given above for the less polar olefins,
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The most impressive examples of steric influences violating the rules have been
observed during dimerization of propylene with nickel and palladium based catalysts.
A dimerization scheme is given in Scheme 1. g-Hydrogen abstraction after the first
insertion step merely reverses the insertion, whereas §—H abstraction after the second
step gives the product dimer, and a metal hydride which may start a new catalytic
cycle.

¢ The two insertion modes are designated a and b, to make the scheme applicable
to various kinds of substituted ethylenes. For the case of propylene (X =CHj), a is
the anti-Markownikoff mode, and we have seen that, for electronic reasons, this mode
is generally favored in the case of group VIII catalysts, in particular in the presence
of donor ligands (Table 6). Actually, if no particularly bulky ligands are present in
catalytic Ni species, the aa route is by far predominant, and 4-methylpentene-1, and
positional isomers therefrom, are the main products of dimerization®®- 63-66)

But Wilke, Bogdanovi¢ and co-workers®? have shown that, in the case of the
catalytic system n-allyl-nickelhalide/aluminum alkyl, the addition of bulky phosphines
such as tricyclohexylphosphine, triisopropylphosphine or di(t-butyl)ethylphosphine,
directs the dimerization reaction to 2,3-dimethylbutene (ab route), with a selectivity
of 60—80%. An X-ray structural analysis of the active species®” has revealed a
mononuclear, approximately square-planar nickel complex with a PR3, and a
Cl.AIR 4 ligand; the other two places are occupied by the n-allyl group in the
starting complex and, presumably, by olefin and H (or alkyl) during the catalytic
cycle. It is assumed that the bulky ligands hinder the second insertion step to proceed
according to the 2 mode. v

With palladium based catalyst systems containing bulky ligands such as
P(n—C4Hy)5 or benzonitrile, the unusual reaction sequence ba leads to linear hexenes,
with over 90% selectivity®. Evidently, this route requires an even more restrictive
steric situation at the active site. It was assumed*® that, in this case again, the first
step occurs predominantly according to the electronically favored @ mode, but that
the combined bulk of the formed isopropyl group plus the surrounding ligands
represents a barrier impeding the second step according to either mode. Because
of the reversibility of the first insertion step, the less favorable (slower) » mode can
then gain importance. The incorporation of the first monomer according to this
mode gives the less bulky n-propyl group which permits the second step to proceed
according to electronic preference.

The more polar substituted ethylenes are less prone to dimerization. Never-
theless, acrylonitrile and acrylates have been dimerized with ironﬁs), ruthenium
and rhodium?® compounds, although in some cases in a non-catalytic fashion and
with poor yields. The products have the polar groups generally in 1,4-position al-
though the 2 mode of insertion is electronically favored for these substrate (Table 4).
Presumably the intermediate I (see Scheme 1) is not able to insert a second substrate
molecule, because of the repulsion of the polar groups. This repulsion is somewhat

69)

9 Similar arguments are also valid for the hydroformylation of 1-olefins with HCo(CO),4 and
related catalysts, where prevailingly linear products are obtained (see e.g. 29)). Markownikoff
insertion of the olefin appears to be forced by the steric requirements of the subsequent
carbon monoxide insertion.
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released in intermediate I, and in particular, if the second insertion takes place
according to mode a.

A further exception to the rules is found with vinylketones, in the case of cer-
tain square-planar or octahedral M—H complexes possessing at least one easily leav-
ing ligand. Anti-Markownikoff insertion of these substrates may be forced by the
chelating action of the new ligand. Thus the product of the insertion of benzyli-
deneacetophenone into the Ir—H bond of HIrCl, [(CH;),SO]37? has been investigat-
ed by X-ray structural analysis’>, and has been found to be of the type:

CeH,
(fl
L CH—CH,
>Ir{ L=(CH,),S0
Q=C
C { ~C.H,

A related structure is assumed for the insertion product of CH,=CH—CQCH,
into the M—H bond of HPt(NO5) (PR3),7%. The olefin first displaces the NO
ligand, giving a cationic complex [HPt (olefin) (PR3),]"; after insertion a chelated
structure is suggested:

On the other hand, H—Pt(II) complexes are the only group VIII transition metal
species for which the anti-Markownikoff insertion of 1-olefins does not clearly prevail
74=76) Thus, trans[HPt (acetone) (PR3), ["PF¢~ [PR3 = CH3P(C¢Hs), ] inserts pro-
pene and butene-1 giving n-propyl- and n-butylplatinum(IT) complexes’), Attempts
to prepare sec-alkylplatinum compounds by an independent route resulted in the
formation of the platinum-hydrido bond’®. It was concluded that sec-alkylplatinum
complexes are generally unstable. A reason for this behavior of Pt(Il), which evidently
contrasts with Co(I), Ni(II), Rh(III), [1(IIl), and Pd(II) (Table 6) is not known.

4, Summary

Olefin insertions into transition metal-carbon and transition metal-hydrogen bonds
are fundamental reactions in homogeneous catalysis. With unsymmetrically substitut-
ed olefins, a remarkable regioselectivity is frequently observed, whereby the orienta-
tion of the olefin depends on the metal, the ligands, and the olefin itself. Empirical
rules of regioselectivity are given, and interpreted on the base of the electronic struc-
ture of the reaction partners.
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